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Fluorescence correlation spectroscopy (FCS) and its modality fluorescence cross-
correlation spectroscopy (FCCS) are single molecule sensitive optical tools to study 
mobility, concentrations and interactions. Due to their non-invasive nature, they are 
gaining popularity in studying molecular processes in vivo. The aim of this thesis is to 
apply and develop single-wavelength-FCCS (SW-FCCS), a variant of FCCS, to study 
protein-protein interactions in vivo. The thesis is organized into the following 
chapters: 
Chapter 1 starts with discussing the importance of green florescent proteins (GFP) 
in modern cell biology. The advent of GFP led to the development of many optical 
tools to study molecular interactions and dynamics in vivo. A review of the different 
modalities of FCS/FCCS is presented and what are the different types of GFP mutants 
that are commonly used in FCCS. 
Chapter 2 introduces the principles and instrumental setup of FCS and FCCS. It 
discusses the additional corrections and conditions when applied in vivo.  
Chapter 3 discusses the cross-correlation ratios, which is commonly used to 
quantitate binding. It was shown, using a series of simulations, that these cross-
correlation ratios are dependent on the Kd of the binding, concentration range and the 
relative amount of red to green labeled molecules in the system. 
Chapter 4 applies SW-FCCS to quantitate protein-protein interactions. It is 
divided into two parts. In the first part, the binding between a small GTPases protein 
viii 
 
Cdc42, and one of its effectors, IQGAP1, is investigated. The Kd of the binding in cell 
culture was compared with that in zebrafish embryo. In the second part, SW-FCCS is 
applied to study interaction between two proteins, p21 and PCNA, which are involved 
in DNA replication and DNA damage repair. 
Chapter 5 addresses issues which constantly surface during measurements in vivo 
but are not studied extensively. These issues include mismatch in effective volumes, 
non-fluorescent fluorescent labels, FRET, photobleaching and endogenous proteins. 
All these factors influence the quality of the determined Kd. Major findings include 
quantitating the fraction of non-fluorescent red fluorescent proteins (mRFP and 
mCherry) and investigating the relationship of Kd with non-fluorescent labels both by 
simulations and experiments. 
Chapter 6 concludes and presents outlook for future FCS and FCCS research. 
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Fluorescence imaging and spectroscopy are important techniques in the area of 
modern biology. Today, fluorescent tagging of biomolecules allows researchers to 
monitor even single molecules of interest in organisms. This advance has been 
possible because of the advent of green fluorescence protein (GFP), which allowed 
genetic labeling of proteins within cell cultures or in vivo in a selective and specific 
manner. GFP was first extracted from the jellyfish Aequorea aequorea by Shimomura 
and colleagues together with the chemiluminescent protein aequorin [1]. In 1994, 
Chalfie and colleagues managed to express GFP in Escherichia coli and 
Caenorhabditis elegans as a biomarker [2]. This immediately opened up the 
possibility of using GFP to monitor gene or protein expression and localization in 
organisms. This wild type GFP has two peaks in its excitation spectrum which are at 
396 nm and 475 nm. While the 475 nm peak, which has a smaller amplitude than the 
396 nm peak, is suitable for the commonly used 488 nm argon line and filter sets, the 




) [3]. Hence, many mutations of 
wt GFP were made to increase the excitation extinction coefficient [3-7]. One of the 
most successful groups of researchers contributing to this field was Tsien and his 
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team [3, 4, 8]. Currently, mutants of GFP can be found throughout the visible 
spectrum [7, 9] which facilitate the monitoring of multiple proteins simultaneously.  
Tagging GFP genetically to a protein enables one to map the role of the protein in 
biological samples which otherwise would be invisible. This technique has been 
applied extensively in cells and organisms instead of fluorescent organic dyes and 
quantum dots due to the 1:1 labeling ratio and the low toxicity level of many GFP 
mutants in biological samples. If a GFP fused protein is involved in a cellular process, 
for example cell division, then one can monitor the involvement of this protein both in 
space and time during cell division. Other processes such as transport pathways, actin 
structure and dynamics, chromosome replication and organization, gene expression to 
name but a few can be monitored. GFP labeling is so important and prevalent that the 
2008 Nobel Prize in Chemistry went to Osamu Shimomura, Martin Chalfie and Roger 
Y. Tsien for the discovery and development of GFP [10]. 
The advent of GFP leads to the development and applications of many optical 
imaging and spectroscopy tools in biology. These tools have been helpful in 
discovering molecular interactions, molecular dynamics and localization of 
molecules. Among these many different processes in a cell, protein-protein 
interactions play an important role in a cell system. As a cell functions through a 
network of protein-protein interactions, it is vital to study these interactions as it 
allows one to understand the role of a particular protein and its place in the whole 
network. Many techniques, which are mainly biochemical in nature, are available to 
detected protein-protein interactions. However, they are either in vitro methods or 
qualitative in nature. For example, the commonly used co-immunoprecipitation 
involves lysing the cell before using anti-bodies to pull down the target protein 
complexes. Another technique, the yeast-two-hybrid system detects protein-protein 
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interactions in vivo but it requires the proteins to be expressed in yeast which is not 
the native environment for the protein of interest (unless it is a yeast protein). 
Therefore there is a need to monitor protein-protein interactions using non-invasive 
methods in the native cell environment and this is where the optical imaging and 
spectroscopy tools fill the gap. 
Fluorescence microscopy is most commonly used to monitor the expression of 
proteins in cells. Due to its diffraction limited resolution of ~250 nm, it is not possible 
to detect protein-protein interactions even if two proteins are localized in the same 
pixel of an image. Although there are microscopy techniques which break the 
diffraction limit and reduce the resolution down to less than 100 nm [11, 12], the 
resolution of the different techniques is still larger than the size of the complexes. The 
most common fluorescence technique used to detect molecular interactions in cells is 
based on Förster resonance energy transfer (FRET). FRET involves the transfer of 
excitation energy from a donor molecule to an acceptor molecule within a distance of 
~10 nm. Hence if FRET is detected, it is likely that the donor and acceptor molecule 
are interacting due to the close proximity. The advantage of FRET is that, since the 
FRET efficiency is dependent on the distance between the two fluorophores, the 
technique can also be applied to determine intra- or inter-molecular distances. 
Another technique which also make use of the close proximity of the interaction is 
biomolecular fluorescence complementation (BiFC) [13]. The two proteins of interest 
are tagged with fragments of a fluorescent protein which is non-fluorescent. When the 
two proteins interact, the two halves of the fluorescent protein, which are close to 
each other, form a fluorescent complex. Both FRET and BiFC are dependent on the 
orientation of the fluorophores (or halves of the fluorophore). If they are not 
orientated in the proper position, one cannot detect interaction even if the proteins are 
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bound to each other. Also both techniques do not quantitate the strength of 
interaction. In special cases such as the combination of fluorescence lifetime imaging 
microscopy to FRET (FLIM-FRET), one can determine the amount of donor 
molecules in complex which gives an estimate of the binding strength [14]. Binding 
strength is typically represented by dissociation constant Kd. A technique which 
allows the determination of Kd is fluorescence cross-correlation spectroscopy (FCCS) 
[15].  
FCCS investigates the synchronized fluorescence fluctuations of two different 
fluorophores in order to detect biomolecular interactions. When the movements of 
two molecules are synchronized, they are most likely to be interacting. FCCS is an 
extension of fluorescence correlation spectroscopy (FCS). The basic principles of 
FCS is based on extracting statistical information that is embedded within the 
fluorescence fluctuations generated by the tagged molecules as they pass through an 
illuminated observation volume. The processes creating the fluctuations in the 
fluorescence signal can be due to photophysical properties of the label or movement 
of the labeled molecules. FCS extracts this information by transforming the 
fluorescence signal with a mathematical process known as autocorrelation to produce 
an autocorrelation function (ACF). With a typical resolution of nanoseconds and 
measurement times of seconds, processes happening between nanoseconds and 
seconds contribute to the shape of the ACF. It is the high temporal resolution of FCS 
which allows diffusion processes (microseconds to milliseconds) such as Brownian 
diffusion [16], anomalous diffusion [17-19] and flow [20, 21] to be monitored. The 
time taken for these molecules to diffuse through the observation volume, the 
diffusion time, depends on the size of the molecules. Since the ACF also indicates the 
amount of molecules undergoing a certain diffusion process, one can determine and 
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quantitate the kinetics or affinity of molecular interactions based on the change in 
diffusion characteristics [22-30]. In addition, fast processes (nanoseconds to 
microseconds) such as triplet state dynamics [31-33], chemical reactions [34], 
rotational diffusion [35-40] and photophysics of fluorescent proteins [41-43] can also 
be monitored. The typical observation volume in a confocal FCS instrument is ~0.5 
femtolitre (fL), small enough to allow resolution at the sub-cellular level. FCS 
measurements have been performed in the cytoplasms, nuclei and membranes of 
many common cell lines, bacteria and yeast. A further advantage is that FCS works 
only in the concentration range from sub-nanomolar (nM) to a few micromolar (µM), 
close to typical physiological concentration ranges and well below what is commonly 
used in imaging.  
While in FCS, only one species of fluorescent tagged molecule is monitored, 
FCCS cross-correlates fluorescence signals generated by two different fluorophores to 
produce a cross-correlation function (CCF). The CCF contains the information about 
the interaction between the two molecules. This can be applied to quantitate the 
fraction of molecules in complexes or the Kd of molecular interactions. FCCS has 
been applied to study enzyme activities [44-46], polymerase chain reaction [47], DNA 
or RNA-protein interactions [48, 49], protein-protein interactions [50-56] and receptor 
dimerization or oligomerization [57, 58]. Different schemes of FCCS exist. The most 
common scheme involves using two lasers of different wavelengths to excite the two 
different fluorophores which is termed dual-colour FCCS [15]. Single wavelength 
FCCS (SW-FCCS), which only uses a single laser for the excitation of the two 
fluorophore [59-62], was developed to remove the technical difficulty to align two 
lasers in space. This single wavelength excitation FCCS can also be achieved using 
two-photon excitation (TPE) [63-68]. Despite the different excitation schemes, the 
Chapter 1 
6 
concept of FCCS is basically the same. The advantage of FCCS is that, unlike 
methods that rely on FRET, it is independent of the relative position, orientation and 
spectral overlap of the two fluorophores, and thus is less likely to produce false 
negative results. Due to its non-invasive measurements, small detection volume, low 
concentration working range and single molecule sensitivity, FCCS is suitable for the 
quantitative determination of protein-protein interaction in living cells.  
On the other hand, FCS/FCCS is still a relatively new technique in cell biology. 
Despite FCS being first demonstrated in 1972 [34] and the concept of cross-
correlation being shown in 1989 [62], they suffered from poor temporal resolution, 
signal-to-background and signal-to-noise ratio due to technological limitations. In 
1993, Rigler and colleagues used a strongly focused laser and smaller pinhole size in 
addition to better technology to produce a diffraction limited observation volume of 
less than 1 fL [69], demonstrating that FCS is a viable technique. This lead to the 
development of FCCS in 1997 [15]. Earlier studies were performed in vitro and it was 
only in the mid-2000s when FCCS started to be applied in living cells [45, 46, 50, 70]. 
This was followed by the recent applications in organisms [55, 71].  
FCS/FCCS have developed from a single confocal acquisition spot to two-foci 
[72-74] and multiple foci excitation and detection [75-81] for the simultaneous 
detection of different regions of the sample. Camera based detection when coupled 
with total internal reflection (TIR) and single-plane illumination microscopy (SPIM), 
are now able to simultaneously record thousands of measurements in different 
locations [82-84]. Another modality is scanning FCS/FCCS, which either scans the 
sample in a line [85-91] or circular pattern [92-96]. The information obtained from 
scanning contains spatial and temporal components of the process while conventional 
FCS/FCCS only contains the temporal components. Scanning also allows the 
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measurement of very slow or immobile molecules [94]. It has been used to study 
protein dynamics in C. elegans before asymmetric cell division [95] and to study 
blood flow in zebrafish embryos [90]. Recently, this scanning FCS/FCCS is combined 
with two-foci-FCS and alternating excitation, for membrane studies with the 
capability to correct for membrane movements [89, 97, 98]. They have being applied 
in zebrafish embryos to study receptor-ligand interaction [71]. Many of these 
modalities are driven by the need to simultaneously probe spatial interactions and 
dynamics across a biological sample. Other developments included the development 
of better and faster software correlators [99, 100] and curve fitting algorithms [101]. 
Despite the technological advancements, performing single molecule sensitive 
measurements such as FCS/FCCS in vivo is a challenge. The background 
autofluorescence of other molecules in a cell sometimes interfere with the 
measurement. On top of this, the commonly used GFP mutants are low in brightness 
and less photostable when compared to organic dyes resulting in less photons being 
collected. There is also the issue of crosstalk in a dual or multi-label system. Crosstalk 
is typically the photons from the long emission tail of a “green” fluorophore being 
detected in the “red” detection channel which is for the “red” fluorophore. This 
complicates the quantification of the “red” molecules. Fortunately, background 
contribution and crosstalk can be corrected for by calibrations [53, 55, 102]. Crosstalk 
can also be prevented by using alternative excitation and detection scheme such as 
alternating excitation-FCCS [70, 103-105] while background can be filtered by 
fluorescence lifetime correlation spectroscopy (FLCS) [106-108].  
Although many GFP mutants are available for imaging, only a few are suitable for 
FCCS measurements mainly due to poor photostability, presence of complex 
photodynamics, poor brightness and broad emission spectra (causing crosstalk). These 
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issues may be irrelevant or insignificant in imaging, but they do influence the quality 
of the FCS data significantly. One of the more commonly used GFP variants is the 
enhanced GFP (EGFP) from Clontech Laboratories which was named GFPmut1 in 
the original publication [5]. The important mutations in EGFP which made it so 
widely used are the double-amino-acid substitution of Phe-64 to Leu and Ser-65 to 
Thr (F64L, S65T). This changed the two main excitation peaks of 395 nm and 470 nm 
in wt GFP to a single excitation maximum of 488 nm in EGFP. This made it popular 
with the 488 nm line from an argon laser. In addition, the mutant shows a 35 times 
fluorescence intensity increase compared to the wild type. GFP is known to form very 
weak dimers [109, 110], hence the monomeric version of EGFP (mEGFP) which 
includes an A206K mutation is recently used in FCS/FCCS studies [111, 112]. 
Red fluorescent proteins (RFPs) are widely used with EGFP in FCCS [50, 51, 53-
57, 112-114]. RFPs generally have emission spectra far away from the emission 
spectra of GFPs resulting in the reduction of crosstalk. Although there are many RFPs 
[9], mRFP and mCherry are the most commonly used. mRFP [115] is the monomeric 
version made from DsRed, a tetrameric red FP [116, 117]. mCherry is an improved 
version of mRFP with a faster maturation rate and increased photostability compared 
to mRFP [8]. However, red FPs are well known to be less photostable than EGFP. In 
addition, they have issues such as complex photodynamics and non-fluorescent 
fraction [53, 118, 119] and can interfere with the fitting of the ACF obtained from 
FCS experiments [119]. Nevertheless, they are required to partner EGFP in FCCS 
applications. Other FPs such as the enhanced yellow FP (YFP) is seldom used as it 
has complex photodynamics and poorer photostability compared to EGFP [42]. A 
recently developed FP, mKeima, with a large Stokes shift can be coupled with 
enhanced cyan FP to perform SW-FCCS [120]. 
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In summary, FCCS is still in the stages of development. In vivo application and 
interpretation of the data still require attention and improvement. Therefore the aim of 
this thesis is the application and development of FCCS to quantitate protein-protein 
interactions in vivo. The thesis contains six chapters and is structured into the 
following sections: 
Chapter 2 introduces the basic principles and instrumentation of FCS and FCCS. 
The autocorrelation and cross-correlation functions and their theoretical models will 
be covered. Challenges faced when preforming FCCS in vivo will also be discussed. 
This is followed by the basic setup of SW-FCCS. 
Chapter 3 investigates the limitations of cross-correlation ratios which are used 
commonly to quantitate molecular interactions. This is done by using simulations to 
look at different conditions, in particular the difficulty of controlling protein 
concentrations which is commonly encountered in vivo. 
Chapter 4 applies FCCS to quantitate protein-protein interactions. It is divided 
into two different studies. The first part investigates the interaction between a small 
GTPase Cdc42 and its target protein IQGAP1. Small GTPases are molecular switches 
in a cell which govern many cellular processes. The Kds of the interaction are reported 
both in cell cultures and in zebrafish embryo. The aim is to investigate if the binding 
is different or not in a 2D cell culture and in an organism. The second part applies 
FCCS to quantitate the interaction between p21 and PCNA. They are proteins which 
play an important role in DNA replication and DNA damage repair.  
Chapter 5 investigates some of the factors which affect FCCS studies in vivo but is 
usually overlooked. These issues include mismatch in effective volumes, non-
fluorescent fluorescent labels, FRET, photobleaching and endogenous proteins. All 
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these factors influence the quality of the determined Kd. Major findings include 
quantitating the fraction of non-fluorescent RFPs (mRFP and mCherry) and 
investigating the relationship of Kd with non-fluorescent labels both by simulations 
and experiments. The results show that these factors can be accounted for during 
measurements. 
Finally, chapter 6 concludes and presents outlooks for future research related to 
FCS and FCCS.  
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Chapter 2  
Theory and Instrumental Setup  
2.1. Fluorescence Correlation Spectroscopy (FCS) 
The principle of FCS is based on detecting fluorescent particles diffusing in and 
out of an observation volume. The observation volume can take on different sizes and 
shapes depending on the illumination and detection setup. In a typical confocal 
microscope, the observation volume is created using one-photon excitation and a 
pinhole to achieve axial sectioning of the observation volume. This confocal volume 
is an oblong shaped laser focal volume on the order of femtolitres (fL). As fluorescent 
particles transit the observation volume (Fig. 2.1a), fluorescent fluctuations are 
recorded (Fig. 2.1b). The fluctuation contains information about the movement of the 
fluorophore thorough the observation volume as well as any phenomenon that 
changes the fluorescence property of the fluorophore during this transition time. It 
also indicates the average amount of particles detected within the observation volume. 
However, it is very difficult to extract all these information just by analyzing the raw 
fluorescence fluctuation. In order to extract the wealth of information from the 
fluctuations, it is transformed by a normalized autocorrelation function (ACF) into a 
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decay curve (Fig. 2.1c and d) in which the information can be easily extracted by 
fitting the experimental ACF with a theoretical ACF model (Fig. 2.1e).  
 
FIGURE 2.1: Overview of the processes in FCS: (a) Detection of fluorophores in a confocal 
observation volume. (b) Fluorescence fluctuation of particles moving through the observation 
volume. (c) Illustration of the autocorrelation process. The ACF is a measure of the self-
similarity of signal when compared to the same signal at a delay time . (d) The 
autocorrelation process generates a decaying autocorrelation function. (e) Curve fitting of the 
ACF by theoretical ACF models.  
The history of FCS dates back to 1972, when D. Magde, E. L. Elson and W. W. Webb 
[34] applied FCS to study the binding of ethidium bromide to DNA. This was followed by a 
detailed discussion of the theory and setup of FCS [121, 122]. Limited by the technology at 
that time resulting in poor temporal resolution, signal-to-background and signal-to-noise ratio, 
the decisive breakthrough only came in the early 1990s when Rigler, Mets and colleagues 
used a strongly focused laser and smaller pinhole size in addition to better technology to 
produce a diffraction limited observation volume of less than 1 fL [16, 69]. In the next few 
sections, the individual processes of FCS will be discussed in detail. 
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2.1.1. Fluorescence fluctuation 
The fluorescence fluctuation generated by the translational diffusion of 
fluorescent particles through an observation volume over a period of time t is given 
by: 
 ( ) ( ) ( )  F t F t F t . (2.1) 
The fluorescence fluctuation is a function of brightness , the molecular detection 
efficiency MDE( r ) and the concentration fluctuation δC( r ,t) of the fluorescent 
particle at positions r  and time t: 
 ( ) ( ) ( , )   F t MDE r C r t dr . (2.2) 
 is a factor of the fluorophore absorption coefficient, the molecular quantum yield of 
the fluorophore and the detection efficiency of the instrument. Hence it is also 
dependent on the power of the excitation source. It is defined as photon count per 
particle per second (cps)
1
. A higher  gives a better signal-to-noise ratio [123]. A high 
 can be achieved practically by using a fluorophore with high quantum yield or using 
a higher laser power.  can be experimentally calculated by dividing the average 
fluorescence ( )F t  by the average number of fluorophore, which can be determined 
from FCS (refer to next sections). MDE( r ) is a product of the collection efficiency 
function of the instrument and the spatial intensity profile of the excitation light [69]. 
This function gives the spatial distribution of the effective observation volume in FCS 
                                                 
1
 Cps is also defined as count rate per molecule with the abbreviation cpm. Cps can also be used for 




and is often approximated by a three-dimensional Gaussian profile which decays to 
1/e
2
 at ω0 and z0 in the lateral and axial direction respectively from the maximal value 
of I0 which is at the centre of the laser beam: 
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The average fluorescent intensity, which is proportional to the average concentration 
C , can also be written in a similar form given by: 
 ( ) ( ) F t C MDE r dr . (2.4) 
These expressions of fluorescence intensity will then be used to generate the 
theoretical autocorrelation function. 
2.1.2. Autocorrelation function 
The autocorrelation function (ACF) which is normalized by the average intensity 
is given by [124]: 
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Despite the different expressions, they do not influence the function of the ACF and 
both are used by different research groups depending on their autocorrelation scheme. 
The autocorrelation process compares the fluorescent signal at time point t with the 
signal at time point t+τ (Fig. 2.1c). The “similarity” of the signal at both time points is 
calculated. As the delay time τ increases, the signal correlates less (is less and less 
similar with the original signal) and hence the ACF decays to 0 or 1 at infinite  (Fig. 
2.1d). If Eq. 2.5 and 2.6 are used to define the ACF, the ACF decays to 0 while if Eq. 
2.7 is used, the ACF decays to 1. The mathematics of autocorrelation and its scheme 
in FCS have been discussed in detail [125].  
2.1.3. Theoretical ACF models  
Using the expression of fluorescence fluctuations as defined previously (Eq. 2.2 & 
Eq. 2.4) and substituting them into the normalized autocorrelation function (Eq. 2.5), 
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MDE r MDE r C r t C r t drdr
G
C MDE r dr
. (2.8) 
The integration of Eq. 2.8 has been reported in detail [124, 126]. The theoretical ACF 
for a three-dimensional (3D) Brownian diffusion through a Gaussian laser profile 
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where D() describes the type of diffusion processes which the fluorescent particles 
undergo. In this 3D diffusion process given by Eq. 2.9, D() is: 
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where K is the ratio of the axial distance to the radial distance of a 3D observation 






K . (2.12) 
D is the diffusion time which is the average time taken for the particles to transit the 










D is the diffusion coefficient of the particles. The hydrodynamic radius of a particle 








where k is Boltzmann‟s constant; T is the absolute temperature;  is the viscosity of 
the medium; r is the hydrodynamic radius of the particle. For a spherical particle with 
radius r and molecular mass M, D is proportional to 3 M . Hence a large particle will 
diffuse slower (larger D) and will generate fluctuations with wider width (Fig. 2.2a). 
Therefore a longer  is required for the ACF to decay during the autocorrelation 
process resulting in a wider ACF. The shape of the ACF is given by the type of D() 
experienced by the particle (Fig. 2.2b). Different modes of diffusion contribute to 
( , ) ( ', )C r t C r t    in Eq. 2.8 differently, yielding different models after 
integration such as: 
 1










D , (2.15) 
for 2D or planar free diffusion [121] which is commonly used for membrane 
measurements. 
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for 3D anomalous diffusion [88, 127] with the anomalous factor α. Values of α < 1 
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D , (2.17) 
in the presence of flow with velocity v [20].  
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for 2 components diffusion [22, 124]. This describes the detection of two different 
species of particles with two different Di where F is the fraction of particles with D1. 
This expression is only valid if the two species have the same molecular brightness. 
This is particular useful to determine the binding of a small fluorescent tagged 
molecule to a larger one. However, according to simulations, the two D can be well 
resolved with statistical significance only if the slower molecule diffuses 1.6 times 
slower [128]. This corresponds to a mass ratio between the molecules of about 4. This 
ratio can be lower if one or both of the D is known beforehand. Despite this, 
quantitating the binding of two species of molecules with similar mass is challenging.  
The above equations show a few of the more common diffusion processes 
encountered. A more comprehensive list of ACF models has been reported [125]. 






















where Veff = π
3/2ω0
2
z0 is the effective volume. N is the average number of particles 
detected in this effective volume. Therefore a more concentrated sample will have a 
lower amplitude (Fig. 2.2c). As FCS depends on the fluorescent fluctuation generated 
as fluorophores diffuse in an out of an observation volume, the fluorescent fluctuation 
δF generated by a single fluorophore has to be distinguishable from the average 
fluorescence background ( )F t . Therefore it is desirable to keep the number of 
observed particles low. This can be done by using a very small observation volume or 
keeping the concentration of the sample low. In general, FCS can measure samples 
with about 0.1 – 1000 particles per observation volume which translates into sub-
nanomolar to a low micromolar concentration range in the case of confocal FCS.  
Veff can be determined by using a dye with a known diffusion coefficient D to 
determine τD and subsequently ω0 and z0 from experimental ACFs. Veff can be 
measured in two other ways [129]. The first method is to do a dilution series using 
dye solutions of known concentrations. When the experimental N is plotted against 
the different concentrations of the dye, the slope gives the Veff. The second method is 
to use a fluorescent bead to determine the point spread function and calculate the Veff. 






 , (2.20) 
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where C is the concentration of the sample and NA is Avogadro‟s constant. This 
method is only accurate if all the particles have the same η. Another way of 

























If there are different particles with different η, Eq. 2.21 has to be written as a 
















The amplitude of the ACF is biased towards the species with higher . A typical 
situation in which this can happen is in binding processes in which the fluorescent 
yield of a particle changes upon binding [26, 30]. 
Practically, G(τ) = G(0)D(τ) is not sufficient to account for the experimental data. 
Commonly, the theoretical ACF used for the fitting of experimental ACF is: 
 ( ) (0) ( ) ( ) ( )G g P D G     . (2.23) 
G(∞) is a convergence value for the ACF at long (infinite) delay times. While in 
general it should be 0 (or 1), it is usually added as a fit parameter and as an additional 
check for the quality of the data. If G(∞) deviates significantly from the convergence 
value of 0 (or 1) it possibly indicates photobleaching, sample movement, or other 
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systematic deviations of the measurement. g(0) is the difference between G(0) and 
G(∞) in the absence of P() (Fig. 2.2d). P() is any processes which changes the 
fluorescence characteristic of the fluorophore, e.g. triplet state populations or cis-trans 
isomerizations which cause the fluorophore to transit between a dark and bright state. 
These processes typically happen much faster than the diffusion process D() of the 
particles. Hence they show up as an additional shoulder at small τ values of the ACF 
(Fig. 2.2d). For a fluorophore undergoing a triplet state process, the expression is 
given by [31, 32, 130]: 
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, (2.24) 
where Ftrip is the fraction of the particles that reside in the triplet state and τtrip is the 
triplet state relaxation time. For other processes that cycle between a dark and bright 
state while diffusing through the observation volume such as a loss of fluorescence 
due to a conformational change [131, 132] or a loss of fluorescence in different pH 
due to protonation [41], Ftrip becomes the fraction in the dark state and  τtrip becomes 




FIGURE 2.2: ACFs in under different conditions. (a) Molecules with a larger mass exhibit a 
higher τD and wider ACF. (b) Shapes of the ACFs with different diffusion processes. (c) The 
higher the concentration of the sample, the lower the amplitude. (d) Typical parts of an 
experimental ACF. The photodynamic process P(τ) adds a shoulder at the low τ region. g(0) 
is the difference between G(0) and G(∞) in the absence of P() where G(∞) is a convergence 
value for the ACF at long (infinite) delay times. 
FCS is usually performed at low concentrations with a very small observation 
volume in the range of fL which is suitable to be applied to a biological cell. FCS 
quantitates binding interaction based on the relative change of diffusion time τD [22-
30]. However, as the τD is only proportional to the cubic root of mass, binding 
between similar size molecules only increases the τD by 2
1/3
 or ~1.3 times. Hence 
trying to distinguish between unbound and bound molecules with Eq. 2.18 can be 
challenging. This is the reason fluorescence cross-correlation spectroscopy (FCCS), 
which detects binding independent of mass, is more suitable to detect binding. 
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2.2. Fluorescence Cross-Correlation Spectroscopy (FCCS) 
In fluorescence cross-correlation spectroscopy (FCCS), photons collected from 
two separated detection channels each detecting particles tagged with fluorophores 
emitting at two different wavelengths are cross-correlated (Fig. 2.3). For example, 
protein X is tagged with a green label while protein Y is tagged with a red label. If X 
binds to Y, whenever the “green” detector detects a signal, so will the “red” detector 
and the signals are correlated. Cross-correlating both signals produces a CCF which 
contains information about the complexes formed between X and Y.  
FCCS was first shown in 1989 by Rička and colleagues [62] who used a single 
laser wavelength to obtain a “green” fluorescence signal from fluorescent polystyrene 
lattices and a scattered “blue” signal from non-fluorescent latex particles. Both signals 
were cross-correlated. In 1997, Schwille and colleagues [15] used two lasers to excite 
two different dyes with different emission spectra and cross-correlating their signals. 
Since then, FCCS became a powerful tool with the ability for the determination of 




FIGURE 2.3: Principle of FCCS: (a) Differently tagged particles move independently through 
the observation volume. Therefore the signals are not correlated and their CCF is flat (blue 
curve). (b) If particles form complexes and move together through the observation volume the 
signals of the differently tagged particles will correlate resulting in an elevated CCF with 
respect to the green and red ACF 
2.2.1. Cross-Correlation Function 
The normalized CCF for the first (green) and second (red) detection channels is 
given by: 
 ( ) ( ) ( ) ( )
( )  or 
( ) ( ) ( ) ( )
G R G R
GR
G R G R
F t F t F t F t
G
F t F t F t F t
   

 
 , (2.25) 
where the notation G and R refers to the green and red detection channels 
respectively. Similar to Eq. 2.8, the cross-correlation is an integration of the 
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where Cg, Cr and Cgr are the concentrations of unbound green, unbound red and 
molecules in complex respectively. The cross-correlation effective volume (Veff,GR) is 
given as: 
 3/2 2 2 2 2 1/2
, 0, 0, 0, 0,( / 2) ( )( )eff GR G R G RV z z     . (2.27) 
The value of ω0,G, ω0,R, z0,G and z0,R can be experimentally obtained as described in 
earlier section using a dye with a known diffusion coefficient. The diffusion time of 
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As before, the two ACF amplitudes from each detection channel are inversely 







































For example, GGR(0)/GG(0) indicates the fraction of red labeled particles in 
complexes. Typically, if Ngr < Ng, GGR(0)/GG(0) which is limited by the amount of Nr 
and is of a higher value is reported over the other ratio as a quantitative approach of 
reporting interaction. This ratio, often called cross-correlation ratio, is often used to 
qualitatively report the amount of interactions between two proteins.  
Similar to Eq. 2.22, for multiple contributions from different fluorescent species, 
the CCF amplitude is given by: 
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where ηi,G and ηi,R are the cps of the i
th
 species of the green and red molecules, in the 
green and red detection channels, respectively. 
As the G(0)s are related to the amount of molecules detected, the concentrations 
and hence the dissociation constant Kd can be calculated. In recent years, many 
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articles reported the determination of Kd in several cases in cells [53-56] and in 
organisms [55, 91]. 
2.3. Applying FCS and FCCS in vivo 
Measurements in vivo come with additional difficulties. First, background 
fluorescence in cells is typically higher compared to a buffer solution. Together with 
the lower brightness of the FPs, the background contributes significantly to the ACFs. 
Second, the broad emission spectra of the FPs  leads to emission crosstalk, which is 
the leaking of fluorescent signal from one fluorophore into the detector designed for 
the other fluorophore. These issues will be discussed in the following sections. 
2.3.1. Background corrections 
Measurements using a buffered solution or solvent involve low background (< 0.5 
kHz) and the organic dyes used have high η (> 10 kHz depending on the laser power 
used). Hence background contribution from the buffer or dark counts of the detector is 
insignificant. However, the native fluorescence background (autofluorescence) in 
cells or biological tissues is often higher in the range of about 1 to 5 kHz. In addition, 
fluorescent proteins (FPs) are by far the most widely used in in vivo measurements. 
Such FPs often have a much lower fluorescence yield compared to the organic dyes. 
In normal experimental conditions, their η is in the range of 0.5 to 5 kHz. Due to the 
low η of FPs and the higher background in vivo, the amplitude of the ACF will be 
lower than expected. This lower apparent G(0) (Gapp(0)) is due to the addition of the 


















This results in an apparent N if theoretical models used to fit the experimental data do 
not take the significant background contribution into account. Here, background 
fluorescent B refers to signals which are not correlated (does not generate an ACF) 
and only contributes to an increase in the amount of photons detected.  
The background correction can be done in two ways. The first is to correct for the 
background after fitting the experimental ACF with the usual models. The amplitude 
of this fitted ACF is given by Eq. 2.35. The actual N or G(0) can then be determined 
































































where <Fm> = ηN + B is the average fluorescence counts measured which includes 
the background. This assumes that B can be independently determined in a separate 
experiment. The second method is to incorporate the background term in Eq. 2.36 into 
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, (2.37) 
and the CCF amplitude with background contribution from the green and red channels 
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. (2.38) 
Since the <Fm,G> = ηg,G(Ngr + Ng) + BG and <Fm,R> = ηg,R(Ngr + Nr) + BR are the 
fluorescence counts measured in the green and red channels respectively, Eq. 2.38 can 
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Apart from correcting the background using the above equations, the background 
fluorescence can also be removed using techniques such as lifetime gating [133] or 
fluorescence lifetime correlation spectroscopy (FLCS) [106] where contribution from 





Crosstalk is the leakage of signal from the green fluorophore into the red detection 
channel and vice versa due to the wide emission bands of most fluorophores. In 
practice, the crosstalk from the red fluorophore into the green channel is usually 
negligible. Therefore signals from a green fluorophore will cross-correlate with its 
own signals in the red channel resulting in elevated CCF amplitude which can lead to 
false positive results. Assuming only crosstalk from the green fluorophore into the red 
channel and treating it as another fluorescent species, using Eq. 2.22 and 2.34, the 
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. (2.42) 
where i,j is the cps of fluorescent species i detected in channel j. The four individual 
 can be determined using samples with only one of the fluorophores present. Once 
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the ratio g,R/r,R is known, the three equations can be solved for the values of Ng, Nr, 
and Ngr.  
Crosstalk can be avoided by choosing fluorophores with well separated emission 
spectra. However, in the case of in vivo measurements where FPs are the fluorophores 
of choice, the selection is limited.  
2.3.3. Optimizing measurement conditions 
As stated earlier, an FCS or FCCS experiment in vitro involves using organic dyes 
in a solution with low background, hence achieving high signal-to-noise ratio. In 
contrast, the fluorophores preferred in organisms are the less bright fluorescent 
proteins (FPs) due to the ease, selectivity, and control of stoichiometry and expression 
levels of genetic labeling. Furthermore, bulk photobleaching of the fluorescent 
proteins in the confined volume of a cell poses a serious issue. Therefore, the laser 
power has to be low to reduce photobleaching. However, if the laser power is too low, 
the  will be low resulting in a noisy ACF which can be problematic during data 
analysis. Therefore, the priority for in vivo experiments with FCS or FCCS is to 
establish the range of cps which gives a good ACF with minimal photobleaching. At 
least a cps of ~500 - 1500 Hz is recommended [55, 134].  
2.4. Instrument Setup and SW-FCCS 
Single wavelength-FCCS (SW-FCCS) was used in this thesis (Fig. 2.3) [59-61]. In 
SW-FCCS, two difference fluorophores are excited by the use of a single laser line in 





FIGURE 2.4: Single-wavelength FCCS (SW-FCCS) setup which has two different detection 
channels for difference wavelengths. APD: Avalanche photodiode.  
The experimental FCCS setup used for all the experiments in this thesis, unless 
stated otherwise, is a commercial laser-scanning confocal microscope FV300 
(Olympus, Tokyo, Japan) which was modified and combined with a custom-built 
FCCS attachment [135]. Both EGFP and mRFP/mCherry were excited using an argon 
ion 514-nm laser line (Melles Griot, Albuquerque, NM). The excitation light was 
focused to a small focal volume in the sample by a water-immersion objective (60x, 
NA 1.2; Olympus). The emitted fluorescence light was imaged over a 3x 
magnification stage onto a single 150-µm pinhole. A 560DCLP dichroic mirror 
(Omega Optical, Brattleboro, VT) split the fluorescence into two detection channels. 
An achromatic lens (f = 60 mm; Thorlabs, Newton, NJ) focused the fluorescence 
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through band-pass emission filters, 545AF35 and 615DF45 (Omega Optical) in the 
green and red channels. Two avalanche photodiodes (SPCM-AQR-14-FC; Pacer, 
Berkshire, UK) were used to collect photons in both detection channels. 
Autocorrelations and cross-correlations were computed online by a hardware 
correlator (Flex02-01D; Correlator.com, Bridgewater, NJ). Curve fitting was 
performed by a self-written program in Igor Pro 6.0 (WaveMetrics, Lake Oswego, 
OR). The ACFs were fitted using a one or two component(s) with a triplet 
contribution model while CCF was fitted using a one component model. 
Concentrations were determined using a self-written program in Mathematica 6 





Chapter 3  
Quantitation Using Cross-Correlation 
Ratios: A Simulation Study 
3.1. Introduction 
In the earlier studies of FCCS, the CCF amplitude was used as a direct indication 
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where Cg, Cr and Cgr are the concentrations of the free green labeled, free red labeled 
molecules and the dual colour complex, respectively; NA is the Avogadro constant and 
Veff the effective volume. Based on this, the CCF amplitude can give only then a 
relative comparison between different sets of experiments if the total amount of green 
(Cgr+Cg) and red labeled (Cgr+Cr) are consistent. This concept has been used in 
earlier studies to study enzyme cleavage of DNA where both ends of the DNA are 
labeled with different fluorescent dyes [44, 136]. The GGR(0) is tracked over time as 
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the reaction proceeds. The GGR(0) is hence a direct indicator of the amount of 
complex since the total amount of green and red labeled molecules are always the 
same. In the case where the total amount of labeled molecules cannot be controlled, 
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These ratios (cross-correlation ratios) indicate the amount of molecules in complex 
and are easily obtained. In recent years, dissociation constants Kd were reported as it 
is possible to determine the concentrations of the free molecules and complexes from 
the amplitudes [53-56].  
Assuming a 1:1 interaction between two labeled molecules, the dissociation 








 , (3.4) 
The total concentrations of the green (Cg,tot) and red molecules (Cr,tot) in the system is 
given by:  
 
,g tot g grC C C  , (3.5) 
 
,r tot r grC C C  . (3.6) 
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Hence Cg, Cr, Cgr and therefore the cross-correlation ratios are dependent on the 
amount and proportion of Cg,tot, Cr,tot and Kd. If Kd is the parameter used to quantitate 
binding in FCCS, then the amount and proportion of Cg,tot and Cr,tot does not matter as 
long as they are around the Kd value. However, the most common parameter used in 
FCCS to quantitate binding is still the cross-correlation ratio. This is due to the ease at 
which the cross-correlation ratio can be obtained by dividing the amplitudes. In order 
to obtain the Kd, one has to compute the value of the three effective volumes (green, 
red and cross-correlation) in order to obtain the values of Cg, Cr and Cgr. Also one 
might not wish to obtain the Kd if the aim is to determine the amount of monomers in 
complex. 
It is difficult to control the amount and proportion of Cg,tot and Cr,tot in vivo as the 
proteins are generated by transfection with DNA plasmids. The transfection process 
produces a wide range of concentrations with different proportion of Cg,tot and Cr,tot. 
Although one could pick cells at a certain range of concentrations, it is not always 
practical. Therefore, in this chapter, the cross-correlation ratio in relation to the 
amount and proportion of Cg,tot and Cr,tot will be studied using simulations generated 
by Eq. 3.2-3.6. This study is motivated by the need to understand the cross-correlation 
ratios which has not been thoroughly discussed in an environment where the 
expression of the labeled protein is difficult to control. 
3.2. Materials and Method 
All simulations are written in the software Mathematica 7 (Wolfram Research). 
The simulation starts by assuming a value of Kd for the binding. The values of Cg,tot 
and Cr,tot will then be generated in a defined range. The values of Cg,tot and Cr,tot used 
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are randomly generated by the built-in function RandomReal[] in Mathematica 7. 
However, as the values of Cg,tot and Cr,tot can range over many orders of magnitude, 
the linear number generator RandomReal[] will be biased towards the higher 
concentrations. To overcome this, the value generated by RandomReal[] is a natural 
logarithmic range of Cg,tot and Cr,tot followed by converting it into Cg,tot and Cr,tot. Eq. 
3.4-3.6 will then be solved for the values of Cg, Cr and Cgr. The cross-correlation 
ratios are then plotted under different conditions. 
3.3. Cross-correlation ratios for 1:1 binding 
The simulation begins with a Kd of 20 nM. The values of Cg,tot and Cr,tot are 
between 50 nM to 500 nM which is at concentrations higher than the Kd.  
The blue dots in figure 3.1 is the result of generating many pairs of Cg,tot and Cr,tot 
and plotting the relevant ratios. Figure 3.1a is a plot of the CCF to green ACF 
amplitude ratio which indicates the amount of red molecules in complex (Eq. 3.1). 
The x-axis is the ratio of the total amount of green and red molecules. The amount of 
red molecules in complex is expected to increase with the higher ratio of green 
molecules. Beyond the (Cgr+Cg)/(Cgr+Cr) = 1, the red molecules slowly starts to be 
saturated. This is the opposite for the amount of green molecules in complex (Fig. 
3.1b). Beyond the (Cgr+ Cg)/(Cgr+Cr) = 1, there will be increasingly more free green 
molecules. Figure 3.1c is the outcome of the selection of the best ratio (Eq. 3.1 or 3.2) 
based on the species that is less concentrated (limiting species). Meaning if the total 
amount of green molecules are less than the red ((Cgr+Cg)/(Cgr+Cr) < 1), the 
GGR(0)/GR(0) will be used. If (Cgr+Cg)/(Cgr+Cr) > 1, the GGR(0)/GG(0) will be used. 
This result in the higher complex ratio to be used based on the ratio of the total 
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amount of green to red molecules. Figure 3.1d shows the higher complex ratio on a 
logarithmic x-axis for a symmetric display. Both figures c and d shows that the 





FIGURE 3.1: Simulations of various complex ratios at Kd = 20 nM. (a)-(e) Cg,tot and Cr,tot in 
the range of 50-500 nM. (a) Plot of GGR(0)/GG(0) = Cgr/(Cgr+Cr) against the ratio of the total 
concentration of green to red molecules (Cgr+Cg)/(Cgr+Cr). (b) Plot of GGR(0)/GR(0) = 
Cgr/(Cgr+Cg) against (Cgr+Cg)/(Cgr+Cr). (c) Best cross-correlation ratio (either Cgr/(Cgr+Cr) or 
Cgr/(Cgr+Cg)) against (Cgr+Cg)/(Cgr+Cr). (d) Best cross-correlation ratio against the natural 
log of (Cgr+Cg)/(Cgr+Cr) to display an symmetric system of (Cgr+Cg)/(Cgr+Cr). The dotted 
vertical lines indicate the values of (Cgr+Cg)/(Cgr+Cr). (e) 2Cgr/(2Cgr+Cg+Cr) against 
ln((Cgr+Cg)/(Cgr+Cr)). (f)-(g) Simulations of various complex ratios at 20 nM, Cg,tot and Cr,tot 
in the range of 1-50 nM. 
On the other hand, figure 3.1e shows the ratio 2Cgr/(2Cgr+Cg+Cr) where it 
indicates the fraction of monomers in complex. This ratio is much more affected by 
the difference in concentration between the green and red molecules. The reason why 
all the plots have a narrower region toward both extremes of the (Cgr+Cg)/(Cgr+Cr) is 
due to the lower combination of different concentrations at those extreme ratios at the 
stated Cg,tot and Cr,tot range. For example, there will be a limited combination of Cg,tot 
and Cr,tot at the ratio 5:1 compared to 1:1 at the state range of 50 to 500 nM. This 
results in a narrow concentration region leading to the narrower cross-correlation 
ratios. In contrast, if the total concentrations of the green and red molecules are 
around or below that of the Kd (Cg,tot and Cr,tot are from 1 nM to 50 nM), these ratios 
will hence be lower (Fig. 3.1f and g). This is due to the low value of Cgr. 
A similar trend is observed when a higher Kd is used (500 nM). For the 
concentration range which is smaller than the Kd (50 to 500 nM), the complex ratios 
are small (Fig 3.2a). At higher concentrations (500 to 2000 nM), the complex ratios 




FIGURE 3.2: Simulations of various complex ratios at Kd = 500 nM. (a)-(b) Cg,tot and Cr,tot in 
the range of 50-500 nM. The dotted vertical lines indicate the values of (Cgr+Cg)/(Cgr+Cr). (c)-
(d) Various complex ratios at Kd = 500 nM, Cg,tot and Cr,tot in the range of 500-2000 nM. 
The simulations show that (a) the complex ratios are dependent on the 
concentration range with respect to the Kd. If the measurement is done over a large 
concentration range, the standard deviation for the ratios will be large. (b) The 
complex ratios changes with the difference between the concentrations of green to red 
molecules. A higher cross-correlation ratio is expected when either the green or red is 
in abundance. However, doing measurements where the concentration of green 
molecules is much higher than the red could lead to crosstalk issues. (c) The cross-
correlation ratios are less sensitive to the difference between the concentrations of 
green to red molecules compared to the ratio 2Cgr/(2Cgr+Cg+Cr). Hence if this ratio is 




These observations are similar to the general binding equation: 
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Here, Cgr is dependent on the range of Cg,tot and Cr,tot as well. However, if Cg,tot and 
Cr,tot are >> Kd, then no information can be obtained about the Kd. Thus Cg,tot and Cr,tot 
should be > Kd to increase the amount of Cgr for detection but not >> Kd. 
These results imply that comparison between two sets of data has to be made with 
care especially if they are measured at very different concentrations or very different 
proportion of green and red concentrations. To maximize the ratios, measurements at 
higher concentrations are preferred when nothing is known about the Kd, at least in 
the initial stages. If the aim is to quantitate binding strength, the Kd would be a more 
accurate parameter as it is always constant as long as the assumption of 1:1 binding 
holds.  
3.4. Quantitation for a dimerization system 
In some applications, FCCS is used to determine the amount of dimers. For 
example, FCCS has been used to quantitate the amount of epidermal growth factor 
receptor (EGFR) which exists in dimers [57]. In this case, similar ratios are employed 
to quantitate the fraction of dimers. In such studies, the same species of molecules 
have the tendency to dimerize. They are labeled with a green and red fluorophore 
which results in three different complexes (Cgr, Cgg and Crr). Cgg and Crr are the 
dimers which contains both green and red fluorophore respectively. In addition to the 


















 . (3.9) 
Here, the assumption is that all the three Kds are the same. Once the total 
concentrations of the green and red molecules are known: 
 
,g tot g gr ggC C C C   , (3.10) 
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these equations can be solved for the values of Cg, Cr, Cgr, Cgg and Crr. The ratio 
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, (3.12) 
In contrast, the cross-correlation ratios which are now Cgr/(Cg+Cgg+Cgr) and 
Cgr/(Cr+Crr+Cgr) are no longer an indicator of the fraction of complex. Therefore, 
simulations are done for Fdimer only. 
Similar to the previous section, the Kd is assumed to be 20 nM. Cg,tot and Cr,tot are 
chosen from 50 to 500 nM. Figure 3.3a shows Fdimer plotted against 
ln((Cg+Cgr+Cgg)/(Cr+Cgr+Crr)) which is fairly constant. At a concentration range of 
Cg,tot and Cr,tot = 1 to 50 nM, which is around or below the Kd, the Fdimer decreases 
(Fig. 3.3b).  
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Figures 3.3c and d show the plots at Kd = 500 nM with Cg,tot and Cr,tot at 50 to 500 
nM and 500 to 2000 nM respectively. Again, the simulations show that Fdimer is 
dependent on the concentration range with respect to the Kd.  
 
FIGURE 3.3: Simulations of Fdimer at Kd = 20 nM (a)-(b) and Kd = 500 nM (c)-(d). (a) Cg,tot 
and Cr,tot are generated at 50 to 500 nM. (b) Cg,tot and Cr,tot are generated at 1 to 50 nM. (c) 
Cg,tot and Cr,tot are generated at 50 to 500 nM. (d) Cg,tot and Cr,tot are generated at 500 to 2000 
nM. Dotted lines in all the figures represent the value of (Cg+Cgr+Cgg)/(Cr+Cgr+Crr). 
3.5. Summary 
The dissociation constant is an equilibrium constant describing the tendency for a 
complex to dissociation into its monomeric components. The final concentrations of 
the complex and monomer dependents on the total concentrations of the molecules 
involved as stated by Le Chatelier‟s principle. Thus ratios based on these 
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concentrations are dependent on the range of concentrations and proportion of the 
reactants. 
FCCS is a powerful tool to obtain the concentrations of the complex and 
monomers in vivo. However, the expression of the proteins in vivo is not easy to 
control leading to measurements over a different range of concentrations. Ideally, 
measurements should be done at concentrations above the Kd (but not >> Kd) and at 
fixed proportion of green to red molecules so as to produce higher and consistent 
cross-correlation ratios. While it is possible to restrict measurements at a required 
concentration, such as manipulating the amount and proportion of DNA plasmid used, 
it is harder to estimate the value of Kd before the experiment. Therefore, interpreting 
the results based on the cross-correlation ratios has to be done with proper controls 
which are measured under similar conditions. In contrast, Kd is a more consistent and 






Determination of Dissociation 
Constants in Living Cells 
4.1. Interaction of Cdc42 with IQGAP1 in living cells and 
zebrafish embryo 
The ability to determine concentrations in cells is one of the attractions provided 
by FCS/FCCS. FCCS is able to differentiate the amount of unbound from the bound 
molecules in a binding reaction. With this information, FCCS is capable of 
determining the dissociation constant (Kd) of a binary interaction [53, 54, 56, 91].  
Typically, FCCS uses a dual-color (DC-FCCS) setup where two laser lines is used 
to excite two different dyes with different emission spectra and cross-correlating their 
signals. In this project, the single laser line scheme termed single-wavelength FCCS 
(SW-FCCS) was used. SW-FCCS uses a single laser line to excite both labels which 
have similar excitation spectra using one photon excitation [59-61]. The use of a 
single laser line simplifies laser alignment and reduces problems of aberrations in the 
case of two lasers which might be significant in biological tissues. SW-FCCS has 
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been previously demonstrated in live cells to quantitate membrane receptor 
dimerization [57] and interaction of cytosolic proteins [56].  
The proteins of interest used here are a small GTPase Cdc42 (cell division cycle 
42) and its target protein (effector) IQGAP1 (IQ motif containing GTPase activating 
protein 1). GTPases are molecular switches that control complex cellular processes 
[137]. They cycle between an „active‟ state and „inactive‟ state. Small monomeric 
GTPases, which fall into 5 major groups (Ras, Rho, Rab, Arf and Ran), is one 
particular group of GTPases. In the active state, it can interact with many other 
proteins, known as effectors, to regulate cellular responses. Cdc42 is a small GTPase 
that belongs to the Rho subfamily. Cdc42 regulates various cellular responses 
including the assembly and disassembly of the actin cytoskeleton. It interacts with 
many effectors [138], among them IQGAP1 [139, 140]. IQGAP1 is a multidomain 
scaffolding protein that modulates cross talk among diverse pathways. The interaction 
of IQGAP1 and Cdc42 plays an important role in modeling microtubules and the 
cytoskeleton during cell polarization and migration [141, 142]. 
The main aim of this work is to compare both interactions, in the form of Kd, in 
2D cell cultures and zebrafish embryos. The work here is divided into three parts, 
namely measurements in cells, zebrafish embryos and the development of analysis 
tools. The measurements done in zebrafish embryos were done by a collaborator 
Xianke Shi. IQGAP1 is labeled with EGFP while the mutants of Cdc42 are labeled 




The amplitude at τ = 0 of the ACFs and CCF with contributions from crosstalk 
into both channels and the contribution from uncorrelated background can be 
expressed as (based on Eq. 2.22): 
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where GG(0) and GR(0) are the amplitudes of the ACFs in the green (EGFP) and red 
(mRFP) channel respectively, and GGR(0) is the amplitude of the CCF; BG and BR are 
the uncorrelated background count rates in the green and red channels respectively; 
NA is Avogadro‟s constant; ηg,G and ηg,R are the cps of green labeled molecules in the 
green and red channels respectively; ηr,G and ηr,R are the cps of the red labeled 
molecules in the green and red channels respectively; qg and qr are correction factors 
that account for changes in cps during binding via processes such as quenching or 
FRET for the green and red particles respectively; Veff is the effective observation 
volume. All of the parameters mentioned here can be obtained by doing control 
experiments as shown in a later section. 
Cg, Cr and Cgr, which are the concentrations of the free green, free red and the 
complex particles, respectively, are the parameters obtained from the outcome of the 
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FCCS experiments (by solving Eq. 4.1-4.3). In order to indicate the strength of 
binding the percentage of the total amount of molecules in complex, either by 



















Since the type of molecule with the lower concentration limits the amount of complex 
formation, the ratio with the higher number (lower Ci+Cgr) was used (refer to section 
2.2.1). This percentage is termed the complex percentage (cpx %) and is used to 
indicate the strength of binding between protein of interests.  
Since the concentrations of the free and bound molecules are known, the 








 . (4.6) 
This Kd is an effective Kd because interactions in cells or organisms may not be 
simply a pure binary interaction. It is also likely to be affected by many conditions 
such as inhibition or activation processes. When Cg × Cr is plotted against Cgr, a linear 
fit to the plot gives a line with a slope of Kd (Kd × Cgr = Cg × Cr). In theory Kd is a 
more robust parameter compared to cpx % as shown in the previous chapter. 
Although cpx % will still be presented here, Kd will mainly be used to compare the 
strength of interactions rather than the cpx %.  
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Recently, another way of presenting the Kd measured in cells by FCCS was 
introduced [53]. It involves plotting the data in a histogram and fitted to a log-normal 
distribution. The log-normal distribution are often found in biological samples, when 
mean values are low, variance is large and values are restricted to positive numbers 
[143]. In this chapter, the data is presented using both the Kd plot and the log-normal 
histogram to see if there is any difference between the two methods. 
4.1.2. Cell culture 
CHO-K1 cells were obtained from the ATCC (Manassas, VA) and cultured in F-
12K Kaighn‟s modification medium (Invitrogen) containing 10% fetal bovine serum 
and 1% penicillin, and streptomycin at 37 ºC in 5% CO2. 3-5 µg of plasmid DNA was 
added to the cells (~1 x 10
6
) suspended in 200 µL serum free culture medium and 
electroporated using the preprogrammed protocol for CHO cells (Gene Pulser Xcell; 
Bio-Rad, Hercules, CA). The cells were then seeded onto glass slides (30 mm in 
diameter; Lakeside, Monee, IL) and grown in the culture medium for 24–36 h. Cells 
were washed and measured in phosphate-buffered saline in a POC minichamber (Carl 
Zeiss, Jena, Germany). 
4.1.3. Plasmids 
A constitutively active mutant Cdc42
G12V
 and a dominant-negative mutant 
Cdc42
T17N
 of Cdc42 were used. Both are linked with mRFP1 at the N-terminal inside 
a pXJ40 vector. The pEGFP-C2-IQGAP1 vector was a gift from Prof. Kozo Kaibuchi 
(Nagoya University Graduate School of Medicine, Nagoya, Japan). The EGFP from a 
pEGFP-C3 vector (Clontech, Mountain View, CA) was subcloned into the mRFP1-
pXJ40 vector at the C-terminus of mRFP1 between the BamHI and NotI sites bridged 
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by a seven-amino-acid linker (-GSRMGTG-) to form the positive control mRFP-
EGFP. 
4.1.4. Instrumentation and data analysis 
The instrumental setup and data analysis has been covered in section 2.4. The 514 
nm laser power used here is 15 µW before the objective.  
4.1.5. FCCS Calibration 
The values for ηg,G and ηg,R were obtained from cells transfected with only EGFP 
tagged proteins. ηr,G and ηr,R were obtained from cells transfected with only mRFP-
tagged proteins. ηg,G and ηr,R were found to range from ~1500-2000 Hz with ηg,R about 
9-11 % of ηg,G and ηr,G about 1-2 % of ηr,R. The average background intensity in both 
channels were recorded in cells without transfection. BG ranges from ~800-1500 Hz 
while BR ranges from ~1200-3000 Hz. 
Typically a tandem FP, where two FPs are covalently coupled by a short peptide 
linker, is used as positive control to mimic the maximum binding in FCCS. Here, the 
tandem used is mRFP linked to EGFP (mRFP-EGFP). In the mRFP-EGFP 
measurements, the ηg,G was noticeably lower and ηr,R higher than EGFP or mRFP 
alone. This was attributed to FRET since EGFP is close enough to mRFP for FRET. 
The correction factors of qg = 0.7 and qr = 1.3 to account for the FRET were used for 
the positive control. In the rest of the binding experiments, such change in cps was not 
observed and therefore qg and qr = 1 were used. 
In FCCS measurements, the effective volumes of the two detector channels and 
the cross-correlation volume need to be determined. In SW-FCCS, the system was 
calibrated using a single dye rhodamine 6G (R6G). It is excited by a 514-nm laser and 
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its emission collected at wavelengths the same as the fluorophore used in the actual 
experiment (EGFP and mRFP). The emission filter in the green channel restricts 
wavelength from a range of 530-570 nm. But due to the 560 nm dichoric mirror, the 
green channel‟s effective range is 530-560 nm. In the red channel, the range is 590-
645 nm. 
R6G has an emission maximum at ~560 nm. Hence the signal in the green channel 
can be cross-correlated with its own signal from the emission tail region (crosstalk) in 
the red channel to obtain the cross-correlation curve (blue curve in Fig.4.1). The CCF 
is at a maximum and lies between the green and red ACFs. A 100% overlap between 
the 3 curves is expected but practically the difference detected here is due to the 
different molecular brightness of the dye and background in both detection channels 
(refer to section 5.4.1). This experiment suggests that the effective volumes are the 
same. The effective volume Veff by exciting R6G (D = 426 µm
2
/s [96]) at 514 nm was 
determined to be 0.56 ± 0.06 fL. 
 
FIGURE 4.1: SW-FCCS measurement of 10 nM R6G. Solid lines are the fitted data while 




Cells transfected with mRFP and EGFP were used as a negative control. Figure 
4.2a shows the SW-FCCS measurement of mRFP with EGFP. The relatively flat CCF 
amplitude with respect to the ACFs indicates no or very weak binding. The cpx % is 
determined to be 3.5 ± 2.8. This value gives the lower limit of which suggests no 
interaction. 
It is common to use a tandem fluorescent protein, where both EGFP and mRFP 
are both linked by a short peptide, to act as a positive control. The construct, mRFP-
EGFP, serves as an upper limit of binding as it mimics a complex. Figure 4.2b shows 
the SW-FCCS measurement of mRFP-EGFP. The elevated CCF amplitude with 
respect to the green ACF amplitude indicates correlated movements of EGFP and 
mRFP. The cpx % is determined to be 45.4 ± 4.8. This value therefore gives the 
highest possible percentage under the experimental conditions. 
 
FIGURE 4.2: SW-FCCS measurements of negative controls of (a) EGFP with mRFP and (b) 
positive control of mRFP-EGFP in CHO cells. 
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4.1.7. Interaction of Cdc42
T17N
 with IQGAP1 
The protein pair of EGFP-IQGAP1 and mRFP-Cdc42
T17N
 is also used as an 
alternative negative control. Cdc42
T17N
 is a frequently used dominant-negative mutant 
which shows no detectable interaction with IQGAP1 using co-immunoprecipitation 
and the failure to co-localize using immunostaining in fixed cells [144]. The 
dominant-negative T17N mutation in Cdc42 is analogous to the S17N mutation of H-
Ras, a Ras-GTPase [145]. In H-Ras, it has been shown that the S17N mutation 
decreased the affinity for GTP 20-40-fold without significantly affecting its affinity 
for GDP [146]. Hence, the mutant binds preferably to GDP causing it to be in an 
inactive state.  
Figure 4.3a shows the SW-FCCS measurement of the pair. The cpx % obtained is 
8.7 ± 4.7 %, which might indicate weak binding. However, the diffusion time τD of 
the mRFP-Cdc42
T17N
 is different from that of the EGFP-IQGAP1. The τD of mRFP-
Cdc42
T17N
 is 17.1 ± 9.7 ms while EGFP-IQGAP1 is 3.4 ± 1.8 ms. Since they do not 
have similar diffusion time, most of the mRFP-Cdc42
T17N
 do not interact with EGFP-
IQGAP1. In addition, the diffusion time of mRFP-Cdc42
T17N
 is surprisingly large for 
a small GTPases (~55 kDa) with a size smaller than IQGAP1 (~220 kDa). This 
suggests that the dominant-negative Cdc42
T17N
 interacts with other molecules which 
results in the slow movement. One possible target is guanine nucleotide exchange 
factors, which bind strongly to GDP-bound Cdc42 but have low binding affinity to 
GTP-bound Cdc42 [147]. 
The Kd plot shows a scattered distribution of the measurements which seem to 
cluster at the lower Kd (Fig. 4.3b). If a linear plot is forced through the points, the 
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Kd,app is around 3.1 µM. Similar observation is seen in the ln Kd histogram (Fig. 4.3c). 
These observations suggest possibly a weak interaction. 
4.1.8. Interaction of Cdc42
G12V
 with IQGAP1 
SW-FCCS measurement of mRFP-Cdc42
G12V
 with EGFP-IQGAP1 shows a higher 
cpx % of 12.2 ± 6.8 which indicates binding (Fig. 4.3d). Figure 4.3e shows the Kd plot 
of the interaction. Fitting the points with a linear plot give a Kd,app of 1017 ± 303 nM. 
The distribution of ln Kd,app is plotted in a histogram to generate figure 4.3f. Fitting 
the histogram with a log-normal distribution results in a Kd,app of 773 (+405, -264) 
nM. Hence, the Kd,app of the binding falls in the range of about 700-1000 nM. 
Moreover, the τDs of the mRFP-Cdc42
G12V
 and EGFP-IQGAP1 are similar. The 
values are 2.6 ± 0.8 ms and 2.3 ± 0.8 ms respectively. The similar diffusion time 
found for both proteins of very different size (IQGAP1‟s size is ~ 4 times more) 








 with IQGAP1. (a) SW-
FCCS measurements of mRFP-Cdc42
T17N
 with EGFP-IQGAP. (b) SW-FCCS measurements 
of mRFP-Cdc42
G12V
 with EGFP-IQGAP. (c) Kd plot of mRFP-Cdc42
T17N
 with EGFP-IQGAP. 
The linear fit gave a Kd of 3.1  ± 1.8 µM. (d) Kd plot of mRFP-Cdc42
G12V
 with EGFP-IQGAP. 
The linear fit gave a Kd of 1.0  ± 0.3 µM. (e) Histogram of ln Kd for mRFP-Cdc42
T17N
 with 
EGFP-IQGAP indicates a scattered and possibly two different distributions. (f) Histogram of 
ln Kd for mRFP-Cdc42
G12V
 with EGFP-IQGAP fitted with a Gaussian function. 
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4.1.9. Comparison of the results in CHO cells and zebrafish embryos 
The Kd value of mRFP-Cdc42
G12V
 and EGFP-IQGAP1 obtained in the muscle 
fiber of zebrafish embryo using the same method is about 10 times higher. The Kd,app 
in zebrafish embryo is 105 ± 87 nM when the linear plot is used (Fig 4.4a). As for the 
histogram log-normal plot, the Kd is around 79 nM (Fig 4.4b). As expected, mRFP-
Cdc42
T17N
 and EGFP-IQGAP1 show insignificant interaction (Fig. 4.4 c and d).  
 
FIGURE 4.4: Interaction of Cdc42mutants with IQGAP1 in zebrafish embryos. (a) Linear fit 
of the Kd plot obtained from the interaction between mRFP-Cdc42
G12V
 and EGFP-IQGAP1 
results in a Kd of 105 ± 87 nM. (b) Gaussian fit to the histogram results in  a Kd of 79 nM. (c) 
and (d) are the Kd plot and histogram of the measurement of mRFP-Cdc42
T17N
 and EGFP-
IQGAP1. Both show insignificant interaction. 
The vast difference indicates that protein-protein interaction in a 2D cell culture is 
different compared to organisms. There are a few possible reasons for this 
observation. First, since Cdc42 and IQGAP1 are involved in actin cytoskeleton 
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regulation, measurement in a muscle fiber cell in zebrafish embryo is going to be 
different from a CHO cells derived from ovary cells. Second, the interaction between 
Cdc42 and IQGAP1 is affected by the calcium/calmodulin concentration [148]. The 
environment of the culture cell and the tissue of the organism are going to be 
different.  
The summary and comparison of the results are found in Table 4.1. Apart from the 
huge difference in the Kd and the cpx %, the τD in zebrafish embryo show a larger 
value. This is due to the deeper penetration distance in zebrafish embryo. To access 
cells in the zebrafish embryo, usually the laser focus is 10-50 µm deep compared to a 
few µm of the CHO cells growing on a glass substrate. This deeper penetration can 
result in the spherical aberrations due to the thicker biological tissue of the embryo. 
This will result in a larger than usual observation volumes and therefore a longer τD. 
TABLE 4.1: Summary of FCCS study in zebrafish muscle fiber and CHO cells 
 
Sample 
Muscle fiber cell in embryo CHO cells 
D ± SD 
[ms] 




D ± SD 
[ms] 






G: 0.72 ± 0.21 
R: 0.99 ± 0.24 
6.2 ± 4.8 34 
G: 0.50 ± 0.11 
R: 0.65 ± 0.25 
3.5 ± 2.8 29 
mRFP-EGFP 
G: 0.96 ± 0.15 
R: 1.11 ± 0.21 
44.9 ± 5.9 58 
G: 0.64 ± 0.07 
R: 0.75 ± 0.13 






G: 7.0 ± 3.1 
 
R: 10.2 ± 5.4 
41.6 ± 9.2 62 
G: 2.3 ± 0.8 
 
R: 2.6 ± 0.8 






G: 7.4 ± 2.9 
 
R: 21.1 ± 8.0 
12.6 ± 12.3 35 
G: 3.4 ± 1.8 
 
R: 17.1 ± 9.7 




In this chapter, the interaction between two proteins, Cdc42
G12V
 and IQGAP1, was 
investigated both in CHO cells and zebrafish embryos. Quantitative information was 
presented in a few ways. First the more commonly reported complex percentage was 
determined. The cpx % of the interaction in zebrafish was more than 3 times larger 
than that in CHO cells.  
Next, the Kd of the interaction was presented as a linear plot of Cg x Cr against 
Cgr. A 10 fold smaller Kd was observed in the zebrafish embryo. Recently, another 
group used FCCS in yeast cells to determine the Kd [53]. They reported the Kd in the 
form of a log-normal histogram. Using the same histogram concept, a ~10 fold 
difference between the Kd in the embryo and cells was also observed indicating that 
both methods of presenting the Kd do not affect the relative outcome of the 
observation. 
The difference in Kd in the organism and the 2D culture cells already suggest that 
both proteins interact very differently in both environments. Researchers are looking 
at 3D cell cultures which are said to bridge the gap between 2D cell cultures and 
physiological tissues [149]. The importance of determination of Kd in physiological 
conditions is important in many aspect of life sciences. In drug discovery, the study of 
how a drug interacts with its target in living tissue could lead to the better prediction 
of the drug efficiency and shorten the development period. In systems biology, there 
is a need to better understand protein-protein interaction under physiological 
conditions. 
The work presented in this chapter serves as a step in the direction of trying to 
quantitate protein-protein interactions in living organisms. 
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4.2. Interaction of p21 with PCNA in Living Cells with 
FCCS and Translocation  
4.2.1 Introduction 
In addition to FRET and BiFC as briefly mentioned in the introduction chapter, 
translocation based methods are also used to detect protein-protein interaction in live 
cells [150-154]. These methods use baits attached to one of the protein which changes 
distribution within the cell following a stimulus. This relocation will pull any 
interacting proteins along. In this section, the annexin A4 system will be used [155]. 
Annexin A4 is a protein which will translocate to the inner cytoplasmic and nuclear 
membrane of a cell when the amount of Ca
2+
 is high. By tagging annexin A4 and a 
fluorescent protein to a protein (bait protein) and tagging the target protein with 
another fluorescent protein, both proteins will be translocate to the membrane upon 
adding the ionophore ionomycin which increases the intracellular Ca
2+
 concentration 
(Fig. 4.5). Under a microscope, the two proteins can be seen translocating to the 
membranes.
 
FIGURE 4.5: An illustration of the A4 annexin translocation system in a cell. Protein A is 
linked to a red FP and A4 annexin (A4). This is the bait protein. Protein B is tagged with a 
GFP. This is the target protein. Upon adding ionomycin which increased the intracellular Ca
2+
 
concentration, both the bait protein and target protein translocate to the cytoplasmic and 
nucleus membrane.  
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The proteins that will be used in this project are cyclin-dependent kinase inhibitor 
p21 (p21) and proliferating cell nuclear antigen (PCNA). The interaction of these 
proteins plays an important role in DNA replication and DNA damage repair [156]. 
They have also been shown by our collaborators who uses the translocation method to 
observe their interaction [154]. Thus the aim of this collaborative work is to use 
FCCS as an alternative tool to detected and quantitate the strength of the interaction 
between them in the nucleus before the translocation and in the nucleus membrane 
after the translocation.  
4.2.2 FCCS Instrumentation 
The FCCS system is based on Leica‟s SP2 confocal scanning microscope with an 
attached FCS detection unit (Leica Microsystems, Germany). SW-FCCS is performed 
using a 514 nm laser line at 20 µW with emission filters 545AF35 and 615DF45 
(Omega Optical) in the green and red detection channels. The dichroic mirror used is 
560DCLP (Omega Optical).  
4.2.3. Plasmids and cell culture 
The DNA constructs used are EGFP-p21 and A4-mCherry-PCNA. They are 
obtained from Dr Carsten Schultz from the EMBL (Heidelberg, Germany).  
HeLa Kyoto cells were maintained in DMEM medium at 37 ºC in 5% CO2. Cells 
were transfected in Opti-MEM medium (Invitrogen) using FuGene 6 transfection 
reagent (Roche Applied Science). The cells were then seeded onto glass bottom 
dishes. Cells were washed with PBS and measured in imaging buffer (20 mM Hepes, 





First, the translocation experiment was repeated. It was observed that EGFP-p21 
is expressed predominantly in the nucleus while A4-mCherry-PCNA is expressed 
throughout the cell (Fig. 4.6a and b, respectively). Figure 4.6c and d show the 
fluorescence images of cells after adding ionomycin to a final concentration of 10 
µM. Since PCNA is tagged with A4 annexin, almost all are translocated to the 
cytoplasmic and nucleus membrane. On the other hand, only a fraction of the EGFP-




FIGURE 4.6: Confocal images of EGFP-p21 and A4-mCherry-PCNA. (a) EGFP-p21 and (b) 
A4-mCherry-PCNA confocal images before adding ionomycin. (c) EGFP-p21 and (d) A4-
mCherry-PCNA confocal images after adding 10 µM (final concentration) of ionomycin. In 
(c), a fraction of EGFP-p21 translocate to the nuclear membrane. In (d), since all the PCNA 
have the A4 attached, they are translocated to various membranes in the cell. 
4.2.5. FCCS measurements 
Similar to what has been done for the Cdc42 and IQGAP1 in the previous section, 
figure 4.7 shows the FCCS measurements before the translocation is initiated (Fig 
4.7a-b). Figures 4.7c and d are the Kd plots while figures 4.7e and f are the Kd 
histogram. Cells transfected with EGFP and A4-mCherry-PCNA were used as 
negative control (Fig.4.7a, c and e). The result shows a low cpx % of 7.5 +/- 6.1 with 
a very scattered Kd plot and histogram. On the other hand, EGFP-p21 and A4-
mCherry-PCNA shows a higher cpx % of 12.4 +/- 5.2 (Fig. 4.7b). In addition, the Kd 
plot and histogram both show data points which can be easily fitted with a linear fit 
and Gaussian fit, respectively (Fig. 4.7d and f). From the green and red ACFs, it was 
observed that both proteins have similar diffusion times (2.83 +/- 0.85 ms and 3.47 +/- 
0.82 ms respectively) which also indicates interaction. The Kd of their interaction is 
about 1.01-1.07 µM.  
However, after adding ionomycin to translocate the complex, FCCS measurement 
on the nuclear membrane was not possible due to significant photobleaching. Despite 
efforts to reduce the laser power, no correlation function can be obtained. This is 
highly due to the rigidity of the complex on the membrane which results in the high 
photobleaching. As FCCS requires molecules to diffuse through the observation 





FIGURE 4.7: (a) FCCS measurements of a negative control consisting EGFP and A4-
mCherry-PCNA. (b) FCCS measurements of EGFP-p21 and A4-mCherry-PCNA. Kd plots of 
(c) negative control EGFP + A4-mCherry-PCNA and (d) EGFP-p21 + A4-mCherry-PCNA. 
Kd histograms of (e) negative control EGFP + A4-mCherry-PCNA and (f) EGFP-p21 + A4-
mCherry-PCNA. 
4.2.6 Conclusion 
FCCS was applied to determine the strength of interaction between EGFP-p21 and 
A4-mCherry-PCNA in the cytoplasm. This quantitative information could not be 
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obtained solely by performing the translocation experiment. On the other hand, the 
translocation method is easier to perform and serves here as an additional proof that 
the interaction detected in SW-FCCS is real and is not an effect of cross-correlation 
due to crosstalk. The translocation system had been extended to more than two 
colours to monitor more than two proteins [154]. Although FCCS has been shown to 
detect up to three different molecules in vitro [61, 157], it faces challenges in vivo due 
to crosstalk of the FPs which is not easily solved and accounted for in FCCS. This can 
lead to false positive results. Here, on the other hand, is a multiple-colour 
translocation system which demonstrates interaction by translocation of protein 
complexes to defined locations within the cell. Therefore this translocation system can 
be used as a control to verify and develop a three colour FCCS system in vivo in the 
future. 
In summary, this chapter shows the application of FCCS in vivo to quantitate the 





Factors Affecting Fluorescence Cross-
Correlation Spectroscopy 
5.1. Introduction 
The fraction of molecules in complexes or the cpx % is commonly reported in 
FCCS studies. This fraction is determined from the ratio of the CCF amplitude 
GCCF(0) to the ACF amplitude GACF(0). Since G(0)s are related to the concentrations 
of the interacting molecules, dissociation constant Kd of biomolecular interactions can 
be determined in living cells [53-56] and organisms [55, 91].  
The exact determination of a Kd in FCCS depends on the accurate determination 
of the concentrations of the interacting molecules and thus on the measured ACF and 
CCF amplitudes. The ratio of CCF to ACF amplitude can vary between 0, no binding, 
to 1, full binding. Factors influencing the correlation amplitudes and their ratios 
include background fluorescence and cross-talk which have been discussed and 
addressed [53, 55, 102]. However, these corrections are insufficient and reported 
maximal values for the CCF to ACF amplitude ratio are in the range of ~0.5 for 
tandem fluorescent proteins (FPs), constructs in which two FPs linked by a short 
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peptide [50, 54, 112]. This value is far away from the expected value of 1 and is often 
attributed to the imperfect overlap of effective volumes due to the two lasers in DC-
FCCS. 
In this thesis single-wavelength FCCS (SW-FCCS) was used to overcome the 
problem of the alignment of two lasers to the same spot with the expectation to 
improve also the ratio of the CCF to ACF amplitude. However, when SW-FCCS was 
performed on the tandem FPs, ratios of ~0.5 was obtained [55, 56]. A ratio of ~ 1 was 
observed, though, when a single label was detected in the same setup (R6G 
calibration experiment in chapter 4) [55].  
In this chapter, the discrepancy observed between the single labeled and tandem 
labeled experiments was investigated. The sub-optimal CCF to ACF amplitude ratios 
observed are due to several factors including non-fluorescent FPs [53, 118], 
differences in observation volume sizes for the two labels and their overlap, and 
fluorescence resonance energy transfer (FRET). These finding was then used to study 
the influence of these factors on binding experiments in order to predict the impact of 
the choice of FPs on the determination of Kd.  
5.2. Theory 
5.2.1. Cross-correlation volume 
In FCCS, there are a total of three effective volumes. The green and red effective 
volumes (Veff,G and Veff,R) are the observation volumes which detect the green and red 
molecules, respectively. The cross-correlation effective volume (Veff,GR) is the 
observation volume which only detects the dual-labeled complex. In chapter 2, Veff,GR 
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 (Eq. 2.27). This is the 
geometrical average of Veff,G and Veff,R when both volumes are concentric. If the 
centers of Veff,G and Veff,R are shifted with respect to each other, the original CCF 
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where dx, dy and dz are the center to center distances of the two volumes Veff,G and 
Veff,R in the x, y and z directions, respectively; ω0,GR and z0,GR are the radial and axial 
distances where the excitation intensity reaches 1/e
2
 of its maximum value from the 
center of Veff,GR; Cg, Cr and Cgr are the concentrations of the free green-labeled 
molecules, free red-labeled molecules and their complex, respectively; NA the 
Avogadro‟s constant. 
Usually the CCF is fitted with models without the displacement of the two 
volumes as the displacement distances are not known. Hence the Veff,GR obtained is 
actually an apparent volume which has a value larger than the actual Veff,GR [158]: 
  2 2 2













This gives a lower than expected amplitude GGR(0) and a longer diffusion time τD.  
For a fluorophore with an emission spectrum sufficiently broad so that it is 
detectable in both channels and excitable with the green laser, FCCS experiments can 
be performed on a single species. Ideally, the ACFs and the CCF would all be 
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identical in this case, making it an excellent test for the alignment of the system. In 
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where GG(0) and GR(0) are the amplitudes of the green and red ACF respectively; g,G 
and g,R are the molecular brightness of the “green” dye given in counts per particle 
per second (cps) for the green particle in the green (G) and red (R) channels, 
respectively; BG and BR are the uncorrelated background of the green and red 
detection channels, respectively.  
5.2.2. CCF ratios 
Although the amplitudes are influenced by crosstalk, background and FRET, the 
ratio of the amplitudes are used in the early half of the chapter as an empirical 
observation between different sets of measurements. In the latter half of the chapter, 
when all the parameters have been accounted for, the ratio between the concentrations 
Ci will then be a more accurate representation of the observations. 
The ratio GGR(0)/GG(0) refers to the CCF to red ACF amplitude ratio. It is 
dependent on (a) overlap of the two effective volumes; (b) amount of red molecules in 
complex; (c) ratio of non-fluorescent green labels on a tandem FP. 
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The ratio GGR(0)/GR(0) refers to the CCF to red ACF amplitude ratio. It is 
dependent on (a) overlap of the two effective volumes; (b) amount of green molecules 
in complex; (c) ratio of non-fluorescent red labels on a tandem FP. 
The ratio GG(0)/GR(0) refers to the green to red ACF amplitude ratio. It is 
dependent on (a) relative size the two effective volumes; (b) ratio of the amount of red 
to green molecules. 
5.2.3. Pulsed interleave excitation-FCCS and FRET 
In the presence of FRET, a proper analysis of the amplitudes of the CCF becomes 
more complicated. As no labeling is 100% efficient due to incomplete labeling, lack 
of maturation of the fluorophore or photobleaching, there are always multiple species 
present in the measurements, donor only molecules, acceptor only molecules and 
molecules that undergo FRET. This changes the ACFs and CCF amplitudes [159]. 
Thus the G(0)s in the previous chapter (Eq. 4.12-4.14) have included the correction 
factors qi. 
Alternatively, one can use pulse interleaved excitation-FCCS (PIE-FCCS) to 
obtain ACFs and CCF without the influence of FRET. PIE-FCCS is an alternating 
excitation scheme where the two fluorophores are alternatively excited by two lasers 
at a rate much faster than their diffusion times [103]. In conventional FCCS, photons 
are collected in the green and red channels. In PIE-FCCS, the photons in the green 
channel can be further separated into photons generated by the green and red laser 
lines due to the alternating excitation. This is the same for the red detector. Therefore 
four different “types” of photons can be collected (excited by the green laser and 
collected in the green channel, excited by the green laser and collected in the red 
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channel, excited by the red laser and collected in the green channel, and excited by the 
red laser and collected in the red channel). 
The green ACF with FRET contribution is done by auto-correlating photons 
collected in the green channel when excited by the 476 nm laser line. The green ACF 
without FRET contribution is done by auto-correlating photons collected in the green 
and red channel (this step adds back the lost photons from the donor due to FRET 
which is now emitted by the acceptor) when excited by the 476 nm laser line. The 
CCF obtained with FRET contribution is done by cross-correlating photons collected 
in the green channel when excited by the 476 nm laser line with that in the red 
channel when excited by the 561 nm laser line. The CCF obtained without FRET 
contribution is done by cross-correlating photons collected in the green and red 
channel when excited by the 476 nm laser line with that in the red channel when 
excited by the 561 nm laser. In this chapter, PIE-FCCS will be employed in addition 
to SW-FCCS to study the influence of FRET in the ACFs and CCF amplitudes. 
Overall, if the three different volumes, FRET, background and crosstalk are taken 
into account, Eq. 4.12-4.14 becomes: 
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5.3. Materials and Methods 
5.3.1. Plasmids and cell cultures 
Two types of GFPs were used in this article. One is the commonly used EGFP 
from Clontech. The other is a modified version of the mgfp5 in the GFP.RN3 vector 
[6], which was term GFP
RN3
 in this thesis. Basically it also has the two F64L and 
S65T mutations of EGFP. On top of that, it has six other mutations with respect to the 





) have been previously used [55, 56]. The number between both FPs 
refers to the number of amino acids between them. The plasmids are all sub-cloned in 
a pXJ40 plasmid. mCherry-GSRMGTG-EGFP (mCherry-7-EGFP) was made by 
replacing mRFP1 with mCherry on mRFP-7-EGFP between the EcoRI and BamHI 
sites. mCherry-GGAGGAGGSRMGTG-EGFP (mCherry-14-EGFP) was made by 





) was made by 
replacing EGFP with GFP
RN3
 between the BamHI and NotI sites. The EGFP and 
GFP
RN3





 respectively between the EcoRI and BamHI sites. EGFP-
10-mCherry was made by replacing the EGFP at the C-terminal in the EGFP dimer by 
mCherry between the BamHI and NotI sites. The Cdc42 used here is a constitutively 
active G12V mutant [55]. mCherry-Cdc42 was generated by replacing the mRFP in 
the mRFP-Cdc42 between the EcoRI and BamHI sites. The pEGFP-C2-IQGAP1 
vector was a gift from Prof. Kozo Kaibuchi (Nagoya University Graduate School of 
Medicine, Nagoya, Japan). 
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CHO-K1 cells were cultured in F-12K Kaighn‟s modification medium 
(Invitrogen) containing 10% fetal bovine serum and 1% penicillin, and streptomycin 
and cultured at 37 ºC in 5 % CO2. Cells were transfected with 5 µg of plasmid DNA 
using electroporation following the preprogrammed protocol for CHO cells (Gene 
Pulser Xcell; Bio-Rad, Hercules, CA). The cells were then seeded onto glass slides 
(30 mm in diameter; Lakeside, Monee, IL) and grown in the culture medium for 18–
24 h. They were washed and measured in phosphate-buffered saline (PBS) in a POC 
minichamber (Carl Zeiss, Jena, Germany). 
5.3.2. Cycloheximide chase experiment 
A final concentration of 1 mg/ml of cycloheximide was added into the culture 
medium to stop protein expression. The cells were incubated for 2 h at 37 ºC in 5 % 
CO2. The medium was then removed and the cells washed with PBS before 
measurements. 
5.3.3. SW-FCCS Instrumentation 
The same setup was used as described in section 2.4. SW-FCCS was performed 
with a 514 nm laser at 15 µW unless stated otherwise. 
5.3.4. Obtaining the brightnesses of GFP dimers 
The brightnesses from the GFPs are obtained by multiplying the average count 
rate F(t) with GG(0), which is ~1/N, from the ACF fitting to obtain the count per 
particle per second (cps). The data is then normalized to the average value of cps 
obtained from the monomer. 
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5.3.5. Pulsed interleave excitation-FCCS Instrumentation 
Dual-color FCCS experiments with pulsed interleaved excitation [103, 160] were 
performed on a home-build confocal setup. A pulsed ﬁber laser with a ﬁxed repetition 
rate of 27.4MHz (FFS.SYS-CONT-COMP-TSHG, TOPTICA Photonics, Gräfelﬁng, 
Germany) was tuned to a wavelength of 561 nm for mCherry excitation. The laser 
served as a synchronization source and master clock for the entire setup. The system 
is built around a Nikon TE200 microscope base. As a second picosecond, pulsed 
excitation source for excitation of EGFP, a 476 nm diode laser was used (LDH-P-C-
470, PicoQuant, Berlin, Germany). The lasers were combined into a single-mode fiber 
(AMS Technologies, Munich, Germany) using a dichroic mirror (500DCXR, AHF 
Analysetechnik, Tübingen, Germany). The output of the fiber was collimated (60FC-
4-RGB11-47, Schäfter & Kirchhoff, Hamburg, Germany) and focused on the sample 
by a 60× 1.2NA water immersion objective (Plan Apo VC 60x WI, Nikon, Japan). 
The average excitation powers used were 2 µW for cell measurements, measured 
before the dichroic mirror (Brightline HC 482/563/640, AHF Analysentechnik, 
Munich, Germany) separating excitation and emission beam paths. For scanning of 
the cells, a galvanometric scanner unit with two mirrors for x and y (scanner: 6210H, 
controller: MicroMax 673 series, Cambridge Technology, Cambridge, USA) in 
combination with a telescope was installed to scan the beam. The collected 
fluorescence was focused on a 50µm pinhole with a 60 mm achromatic doublet lens 
(G322322000, Linos, Göttingen, Germany), and the signal of different FPs is 
separated using a dichroic mirror (565DCXR, AHF Analysetechnik). Each channel 
has an appropriate emission filter (HQ 525/20 and ET595/50, AHF Analysetechnik) 
before the single photon counting avalanche photodiodes (SPQR-16, Perkin Elmer, 
Waltham, Massachusetts) used for detection. The detected photons were registered by 
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two individual but synchronized TCSPC data collection cards (SPC-144, 
Becker&Hickl, Berlin, Germany). The laser pulses were delayed with respect to each 
other by 18 ns allowing determination of the excitation source by the arrival time of 
the detected photon using TCSPC. 
5.4. Results and Discussions 
5.4.1. Calibration of SW-FCCS observation volumes with a single dye 
The differences in observation volumes for two channels can be tested by using a 
fluorophore which emits into both channels. If the observation volumes are the same, 
and in the case of negligible background, then the same ACF and CCF amplitudes 
will be observed according to Eq. 5.3-5.5. To illustrate this, rhodamine 6G (R6G), 
which has its emission maximum at ~560 nm, was excited by a 514 nm laser line and 
its emission was collected at 530-560 nm. In addition, its tail-end of the emission was 
collected at 590-645 nm. The setup is the same as the one used for EGFP and 
mRFP/mCherry measurements. Figure 5.1a and b show the SW-FCCS results for 
R6G at different concentrations. At low concentration (2.5 nM), the background 
contributions, Bi are significant compared to the terms C and 
2
C. Moreover, the red 
channel has a lower molecular brightness (g,R) and is more influenced by the 
background which results overall in a lower value for Eq. 5.3, assuming the two 
effective volumes are the same. The CCF is shown to be in between both ACFs as 
expected (Eq. 2.27). At high concentrations (60 nM), the correlation amplitudes are 
similar in value since the Bi diminish in importance compared to the terms C and 
2C and Eq. 5.3-5.5 reduce to ~1/(NAVeff,iCg) resulting in similar correlation functions. 
Chapter 5 
75 
The diffusion times in the green ACF, red ACF and CCF (τD,G, τD,R and τD,GR) are 37 ± 
1 µs, 36 ± 3 µs and 39 ± 2 µs respectively.  
The same optical set-up was used for enhanced YFP in CHO cells to check 
whether the volumes are affected by the surrounding biological material (Fig. 5.1c). 
The ACFs and CCF are very similar with τD,G, τD,R and τD,GR of 596 ± 66 µs, 586 ± 
131 µs and 602 ± 112 respectively, indicating insignificant differences in effective 
volumes.
 
FIGURE 5.1: SW-FCCS experiments of a single fluorophore in two different detection 
channels of 530-560 nm and 590-645 nm using a 514 nm laser. The green, red and blue 
coding refers to the green ACF, red ACF and CCF respectively. Broken lines are the 
experimental data while solid lines are the fitted data. (a) 2.5 nM R6G solution at laser power 
of 15 µW. (b) 60 nM R6G solution at laser power of 15 µW. (c) Enhanced YFP (~170 nM) 
measured using 4 µW in CHO cells. 
5.4.2. Photophysical properties of tandem FPs change the auto- and 
cross-correlation amplitudes 
Tandem labels, which are the combination of two fluorophores in a single 
molecule, should in principal yield the same SW-FCCS results as the previous 
experiments with single fluorophores. Consequently, one expects a ratio of the 
correlation amplitudes to be close to 1. This hypothesis was tested using tandem FPs 





 [56], while the other construct was mRFP-7-EGFP 
[55], where the number 7 in between the FPs refers to a linker of 7 amino acids. Both 
tandem FPs gave GGR(0)/GG(0) values much smaller than 1. Furthermore, both 
constructs gave different values of GGR(0)/GG(0). The first construct, mRFP-7-
GFP
RN3
, gave a GGR(0)/GG(0) of 0.41 ± 0.03 while mRFP-7-EGFP gave 0.51 ± 0.03 
(Fig. 5.2a and b). As GGR(0)/GG(0) is an estimate of the fraction of red molecules in 
the complex, this implies that only ~50 % of the GFPs in the tandem FPs were 
detected. The ratio of GGR(0)/GR(0) yields the fraction of green molecules in 
complexes and thereby the fraction of red FPs (RFPs) detected in the tandem FPs. 
mRFP-7-GFP
RN3
 and mRFP-7-EGFP gave GGR(0)/GR(0) of 0.29 ± 0.04 and 0.27 ± 
0.04 respectively, showing a very high reproducibility for mRFP and a smaller 
fraction of fluorescent mRFP molecules than either GFP or GFP
RN3
.  
To gather more information about what other causes may lead to lower CCF 
amplitudes in tandem FP measurements, additional tandems FPs were measured. 
mCherry has been reported to be more photostable and to mature faster than mRFP 
[8]. Hence a new construct of mCherry-7-EGFP was made by replacing mRFP. The 
mCherry-7-EGFP has a higher GGR(0)/GR(0) of 0.36 ± 0.07 (compared to mRFP-7-
EGFP of 0.27± 0.04). This difference in ratio suggests that more mCherry is detected 
in the tandem FPs compared to mRFP. The GGR(0)/GG(0) remained constant at 0.51 ± 
0.03. As FRET between the fluorescent proteins would influence the CCF, another 
tandem FP mCherry-14-EGFP with a longer linker was measured. The results were 
comparable (GGR(0)/GG(0) = 0.53 ± 0.03 and GGR(0)/GR(0) = 0.35 ± 0.06). To further 





. GGR(0)/GG(0) dropped to 0.43 ± 0.03 while GGR(0)/GR(0) 
remained constant at 0.36 ± 0.05. A different tandem FP with the EGFP on the N-
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terminal followed by mCherry results in similar values of GGR(0)/GG(0) = 0.49 ± 0.03 
and GGR(0)/GR(0) = 0.32 ± 0.03. Table 5.1 presents the summary of these 
measurements. 
 
FIGURE 5.2: SW-FCCS measurements in CHO cells with mRFP-GFP tandems. (a) and (b) 
are SW-FCCS measurements of tandems mRFP-7-GFP
RN3 
 and mRFP-7-EGFP in CHO cells 
respectively. The curves are all normalized to the GG(0). Arrow in (b) indicates the increase in 
the GGR(0)/GG(0) ratio compared to mRFP-7-GFP
RN3
, which increases from 0.41 ± 0.03 to 
0.51 ± 0.03. Long dashes in (a) and (b) are the fitted red ACFs in the absence of 
photodynamics contribution.  
Contrary to the experiments on single fluorophores, the tandem show differences 
in the diffusion times for the different auto- and cross-correlation functions with τD,GR 
> τD,R > τD,G. Since the emission maxima in the different detection channels have a 
much wider separation than for the single fluorophore experiments, the observation 
volumes have different sizes due to the wavelength-dependence of the diffraction 
limits. A τD,R and τD,GR which was 1.17 and 1.33 times larger than τD,G for mRFP-7-
EGFP was observed, respectively (Table 1). A larger τD,R corresponds to a larger Veff,R. 
However, an even larger τD,GR cannot be due to a larger Veff,GR because, according to 
Eq. 2.27, Veff,GR has a size which is in between Veff,G and Veff,R. This observation, 
however, can be explained by Eq. 5.1 and 5.2 which include a displacement factor 
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describing the imperfect overlap between two different ACF volumes resulting in an 
apparently larger τD,GR [158]. Since the apparent Veff,GR (Veff,GRapp) is larger than Veff,G 
or Veff,R, the measured GGR(0) is therefore lower than GG(0) and GR(0). This suggests a 
displacement of the effective observation volumes. 











0.41 ± 0.03 0.29 ± 0.04 0.64 ± 0.09 1.16 ± 0.21 1.48 ± 0.27 
mRFP-7-EGFP 0.51 ± 0.03 0.27 ± 0.04 0.50 ± 0.08 1.17 ± 0.13 1.33 ± 0.12 
mCherry-7-EGFP 0.51 ± 0.03 0.36 ± 0.07 0.72 ± 0.14 1.25 ± 0.22 1.42 ± 0.22 
mCherry-14-EGFP 0.53 ± 0.03 0.35 ± 0.06 0.67 ± 0.13 1.30 ± 0.22 1.34 ± 0.14 
mCherry-14-GFP
RN3 
0.43 ± 0.03 0.36 ± 0.05 0.87 ± 0.19 1.37 ± 0.20 1.46 ± 0.13 
EGFP-10-mCherry 0.49 ± 0.03 0.32 ± 0.03 0.67 ± 0.08 1.28 ± 0.15 1.35 ± 0.10 
 
The value of GGR(0)/GG(0) ~ 0.5 is similar to what was reported in DC-FCCS 
using similar tandem FPs (EGFP linked to mRFP or mCherry) [45, 50, 54, 112]. It is 
usually assumed that there is imperfect overlap of effective volumes due to the use of 
two different lasers. The experiments however indicate that non-fluorescent states of 
the FPs are at least part of the reason for the low amplitude ratio and it is the emission 
volumes rather than the use of two lasers that account for the less than ideal ratio. The 
exact determination of the volumes will be discussed at a later section. 
Already, a few conclusions can be drawn from these measurements. First, the 
amplitude ratios are characteristic for the type of FP, independent of the partner used. 
Secondly, the amount of detected FPs followed a clear order: EGFP > GFP
RN3
 > 
mCherry > mRFP. Thirdly, the larger than expected τD,GR clearly shows a 
misalignment in the green and red effective volumes despite using a single excitation 
volume which resulted in a lower than expected GGR(0). Lastly, according to the trend 
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in the τDs, Veff,R is larger than Veff,G. Hence more red molecules should be observed 
compared to the green molecules which means that GG(0)/GR(0) should be > 1. 
However, this is not the case as observed from the tandem FPs. A possible reason 
could be due to non-fluorescent FPs as investigated in the next section. 
5.4.3. Non-fluorescent FPs and their influence on the FCCS data 
There are several reasons for the existence of non-fluorescent FPs including 
problems with formation of the chromophore (maturation), dark states and 
photobleaching. In addition, FPs can also exist in dim states, which are fluorescent but 
have a lower brightness. To check whether GFP is fully fluorescent, the brightness of 
monomeric and dimeric GFP was measured by FCS. A dimer‟s brightness (cps) will 
be twice that of the monomer if all the GFPs are fluorescent. Any value less than 2 
suggests the presence of non-fluorescent or different brightness states of the GFPs. 
Previous reported measurements for EGFP yielded values for the dimer brightness 
ranging from about 1.6 to 2 times that of the monomer [54, 112, 161, 162]. Figure 
5.3a and b show the ratio of dimer brightness (red bars) against the monomer 
brightness (blue bars) for GFP
RN3
 and EGFP. The data is normalized to the average 
value of the corresponding monomer brightness.  
On average, the EGFP dimer has 2.1 ± 0.4 times the brightness of its monomer 
while the value for GFP
RN3
 is 1.9 ± 0.5 times as bright. However, based on the 
histogram, it is clear that the GFP
RN3
 dimer exhibits at least two different brightness 
values, one of about 1.6 times that of the monomer, the other around 2.6 times the 
monomer. The higher value of 2.6 to is attributed to possible aggregates. The value of 
1.6 then implies that about 20 % of the GFP
RN3
 molecules are non-fluorescent. This 
could explain the lower value of GGR(0)/GG(0) in mRFP-7-GFP
RN3
. For EGFP 
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however, the histogram shows that on average most molecules are fluorescent. 
Therefore, the amplitude ratio GGR(0)/GG(0) of ~ 0.5 is already the maximum 
achievable ratio given that the green and red effective volumes are not aligned. 
 
FIGURE 5.3: Histograms of dimer cps. (a) Histogram of determined cps for GFP
RN3
 
monomer (blue) and dimer (red); (b) Histogram of determined cps for EGFP monomer (blue) 
with dimer (red). Data is normalized to the average value of the corresponding monomer‟s 
brightness. 
As shown earlier, a significantly larger fraction of RFPs are non-fluorescent as for 
GFPs. In general, red FPs tend to photobleach faster than EGFP, which results in 
higher than expected GR(0) and a decrease in GGR(0) as less complexes are now 
detected. To investigate the influence of photobleaching on the FCCS curves, we 
performed FCCS experiments under different illumination conditions. Figure 5.4a 
compares a measurement of mCherry-14-EGFP in cells (lighter tone) with another 
measurement at the same location one min after continuous illumination (darker tone). 
The curves, which are normalized to GG(0), show an increase in GR(0) after one min 
which leads to the reduction of GG(0)/GR(0) and GGR(0)/GR(0). In contrast, 
GGR(0)/GG(0) does not change significantly as EGFP does not photobleach strongly 
under the given experimental conditions. 
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In addition to photobleaching, previous studies on mRFP suggest that only 40 % 
of mRFP are in a fluorescent state [118]. Another report provides indirect evidence 
for the lower folding efficiency of mRFP by comparing two different constructs: 
EGFP-mRFP and EGFP-mRFP-mRFP [45]. The GG(0)/GR(0) for the EGFP-mRFP-
mRFP is lower than that of EGFP-mRFP, suggesting that a fraction of mRFP were not 
detected. This is because the two mRFPs on EGFP-mRFP-mRFP will be detected as 
one entity since they always move together. Hence if all the mRFPs are fluorescent, 
GG(0)/GR(0) will always be the same for both of the tandems. For mCherry, it was 
reported that about 50 % of the proteins are not matured in yeast cells using a 
cycloheximide (CHX) chase experiment [53]. To investigate whether maturation 
affected the amplitudes of the CCF, the same CHX chase experiment was performed 
in CHO cells expressing mCherry-14-EGFP. Cells transfected with mCherry-14-
EGFP were treated with CHX for 2 h before the measurement to inhibit protein 
expression. Since new molecules of mCherry were not produced, eventually, all the 
mCherry will be matured in that 2 h. The ratio of GGR(0)/GR(0) is found to increase 
from 0.35 ± 0.06 to 0.49 ± 0.10 indicating an increased in the number of mCherry 
proteins detected in the tandem after CHX treatment (Fig. 5.4 b and d). Concurrently, 
the ratio of ACF amplitudes, GG(0)/GR(0) increased from 0.67 ± 0.13 to 0.97 ± 0.19. 
These results indicate that a fraction of mCherry has not matured. The exact fraction 
will be calculated in the next section after various corrections have been discussed. 
On the other hand, GGR(0)/GG(0) remains relatively constant at 0.51 ± 0.03 indicating 







FIGURE 5.4: SW-FCCS measurements in CHO cells under different conditions. (a) SW-
FCCS measurements of mCherry-14-EGFP at 20 µW using 514 nm laser excitation. The 
darker version is the ACFs and CCF obtained 1 min after the initial measurement while the 
lighter version is the initial measurement. Inset is the intensity trace of the initial 
measurement and the measurement one min later. (b) SW-FCCS of mCherry-14-EGFP after 2 
h of CHX treatment (darker) compared with untreated (lighter). (c) SW-FCCS of mCherry-
14-EGFP after CHX treatment and “blind” selection (i.e. without using fluorescence 
excitation) (darker). The lighter version is without any “blind” selection and treatment. The 
extrapolated GR(0) is the amplitude of the red ACF in the absence of photodynamics. This is 
done to clearly show the value of GR(0) which is covered up by the photodynamics of 
mCherry. (d) A summary of the ACFs and CCF ratios of the experiments in (c) and (d). 
As both maturation and photobleaching have been shown to significantly 
influence the amplitudes of the ACFs and the CCF, FCCS experiments were 
performed after CHX treatment using low laser powers to reduce photobleaching. A 
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laser power of 2 µW (instead of 20 µW) was used in these experiments, but 
acquisition time had to be extended from 30 s to 90 s to collect enough photons. In 
addition, cells were searched for “blindly” meaning that laser scanning was not used 
to locate the cells which have the fluorescence. Instead, a halogen light source was 
used to locate a random cell without the aid of fluorescence excitation to further 
reduce photobleaching. Using this method, which is of course impractical in a usual 
experiment, GG(0)/GR(0) and GGR(0)/GR(0) were seen to increase to 1.15 ± 0.03 and 
0.65 ± 0.11 respectively (Fig. 5.4c and d). GG(0)/GR(0) > 1 indicates a larger Veff,R 
than Veff,G. In Fig. 5.4c, the photodynamics of the mRFP observed is longer compared 
to the 20 µW which is consistent with a previous report [119].  
In this section, the amount of non-fluorescent mCherry which was shown in the 
form of photobleached and non-matured molecules is significant and influences the 
accuracy of the FCCS experiment. The GG(0)/GR(0) and GGR(0)/GR(0) ratios are good 
indicators of the amount of non-fluorescent red molecules. And lastly, it is shown as 
well that Veff,R is larger than Veff,G as expected. 
5.4.4. Influence of FRET on the amplitudes 
In the tandems FPs, the FPs are in close proximity, suggesting that FRET may be 
occurring within the complex. Under measurement condition when photobleaching of 
mCherry is present or not all mCherry constructs have matured, two populations exist. 
One complex that exhibits FRET, and one that does not, due to the non-photoactive 
mCherry. EGFP in the two complexes will exhibit different brightnesses, which can 
affect the ACF and CCF amplitudes [159].  
To see how FRET reduces GGR(0)/GG(0), PIE-FCCS was performed on mCherry-
14-EGFP in CHO cells. PIE-FCCS has shown that by considering the increased 
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amount of photons given out by the acceptor due to FRET, one can relate it back to 
the amount of photons lost by the donor. The ACF and CCF amplitudes can then be 
calculated under non-FRET conditions [103]. Figure 5.5a shows the PIE-FCCS 
measurement of mCherry-14-EGFP in CHO cells. GGR(0) increases after FRET 
correction while GG(0) does not change as much as GGR(0). The GGR(0)/GG(0) ratio 
which is influenced by FRET is 0.51 ± 0.07 while after correction for FRET resulted 
in an 0.08 increase to 0.59 ± 0.04. The same trend is observed for mCherry-7-EGFP 
in cell lysate (Fig. 5.5b) with an increase of GGR(0)/GG(0) from 0.55 ± 0.07  to 0.65 ± 
0.07. The higher value of GG(0)/GR(0) of 0.94 ± 0.17 compared to 0.78 ± 0.15 in cells 
is due to the reduction of bulk photobleaching and the longer time available for 
maturation of mCherry in the cell lysate. Thus, GGR(0)/GG(0) depends not only on the 
effective volumes and overlap and the fluorescent state of the FPs, but is also 
dependent on FRET as well.  
 
FIGURE 5.5: PIE-FCCS experiments. Dotted lines are the experimental data while solid lines 
are the fitted ACFs and CCF. The correlation functions calculated in the presence and absence 
of FRET are shown in light and dark tones respectively. PI-FCCS experiments with (a) 
mCherry-14-EGFP in live CHO cells and (b) mCherry-7-EGFP in cell lysate are shown. The 
influence of FRET is observable in both experiments.  
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5.4.5. Determination of effective observation volumes and correction 
parameters 
As discussed above, many factors influence the measured ACF and CCF 
amplitudes in FCCS experiments. This includes background, crosstalk, FP maturation, 
photobleaching, FRET and differences in the effective volumes. To correct for 
different volumes, which are also present in SW-FCCS experiments, the system was 
calibrated using Atto488 freely diffusing in solution, which is known to have a 
diffusion coefficient of 400 µm/s
2
 (obtained from PicoQuant GmbH‟s application 
notes). Calibration yields a value for Veff,G of 0.54 fL. Here, Atto488 was excited by a 
514 nm laser line and its signal was collected between 530-560 nm to mimic the setup 
used for EGFP. For Veff,R, there is currently no red fluorophore that can be excited at 
514 nm with emission maximum similar to mRFP/mCherry and with a known 
diffusion coefficient. Hence, the differences of the diffusion times τD,R and τD,G 
measured on the tandem FP‟s in the different detection channels are used to estimate 
Veff,R. The average τD,R/τD,G value for the mRFP/mCherry-EGFP tandems was found to 
be 1.24 which translates into Veff,R/Veff,G of 1.4 (τD is proportional to ω0
2
 while Veff is 
proportional to ω0
3
). This means that 1.4 times more red molecules should be detected 
compared to the green. Veff,R is therefore 0.76 fL.  
Due to the probability of having non-fluorescent labels, Eq. 5.6-5.8 can be 
rewritten as: 
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where Cg,app, Cr,app and Cgr,app are the apparent concentrations of the green free, red 
free and the complex given by: 
 
,gr app g r grC p p C , (5.12) 
 
, (1 )g app g r grC p p C  , (5.13) 
 
, (1 )r app g r grC p p C  , (5.14) 
where pi is the probability of the green or red label being fluorescent. The expression 
of Cg,app refers to the amount of tandem with only the green label fluorescent while 
Cr,app refers to the amount of tandem with only the red label fluorescent. From the 
EGFP dimer study and CHX treatment, pg was estimated to be ~1. Thus, Cr,app = 0 and 
only pr needs to be determined.  
Solving Eq. 5.9, 5.10, and 5.12-5.14 for the tandem FPs after accounting for 
background, crosstalk and FRET gives the value of Cgr and pr. The details for 
obtaining η and the relevant parameters have already been discussed in section 4.1.5. 
The average values of pr for the mRFP-EGFP and mCherry-EGFP tandems are found 
to be 0.22 ± 0.06 and 0.40 ± 0.11, respectively. mCherry-14-EGFP treated with CHX 
(2 h) and treated with CHX (2 h) plus “blind” selection with low laser power yielded a 
higher value pr of 0.61 ± 0.15 and 0.80 ± 0.02 respectively. This shows that up to 80 
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% of the mCherry can be fluorescent. This value, however, is highly dependent on 
photobleaching and maturation. Under normal measurement conditions, only 40 % of 
the mCherry are detected. This value is close to the 50 % non-detected (due to 
maturation) mCherry in yeast cells [53].  
Since pr is now known, Eq. 5.11 can be solved to obtain Veff,GRapp. This gives on 
average a value of VGR,app = 0.93 ± 0.05 fL for the mRFP/mCherry-EGFP tandems.  
5.4.6. Influence of non-fluorescent labels on binding experiments 
Having successfully quantified various factors that affect the amplitudes of the 
correlation functions determined using FCCS, the influence of non-fluorescent 
proteins on the determination of binding affinities will be discussed. In principle, 
there are two kinds of non-fluorescent proteins that interfere with binding 
experiments. First, there are proteins that have been labeled, but the label is not 
photoactive for various reasons. The second population consists of endogenous 
proteins, about which there is no prior knowledge. It is conceivable to measure 
protein expression profiles to obtain endogenous expression levels in which one can 
correct for their influence directly, if their interaction with the fluorescently labeled 
proteins is known. Here, the assumption is that the amount of endogenous protein is 
unknown. In the following sections simulations of the expected influence of non-
fluorescent and endogenous labels on SW-FCCS results will be done. The findings 
will then be applied to experimental data. The Kd values influenced by these two 
factors will be termed apparent Kd (Kd,app). 
From the tandem experiments, mRFP has a lower pr value compared to mCherry. 
Hence, the same binding experiment conducted with mRFP will have a different Kd,app 
compared to an experiment conducted with mCherry. Similar to the tandems (Eq. 
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5.12-5.14), the apparent concentrations for a 1:1 binding experiment are given by 
(Fig. 5.6a): 
 
,gr app g r grC p p C , (5.15) 
 
, (1 )g app g g g r grC p C p p C   , (5.16) 
 
, (1 )r app r r g r grC p C p p C   . (5.17) 
The values of pi can be determined from the tandem constructs. Provided these values 
are constant for all protein constructs, one can determine the Kd,app, which is corrected 
for the amount of non-fluorescent label.  
Simulations were designed to mimic the binding of Cdc42 with IQGAP1, which 
was tested experimentally. An actual Kd of 24 nM was chosen as a starting point [163] 
and expression levels of green (Cg+Cgr) and red (Cr+Cgr) protein was varied from 20 
nM to 3 μM individually. The ratio of the total amount of red to green molecules are 
restricted to be between 0.7 to 1.5 to reflect the expression level variability in cell 









 , (5.18) 
 
,g tot g grC C C  , (5.19) 
 
,r tot r grC C C  . (5.20) 
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Once Cg, Cr and Cgr are calculated for many different values of Cg,tot and Cr,tot, the 
data can be plotted as Cg,app × Cr,app against Cgr,app for different pi, similar to the Kd 
plots in chapter 4. The slope of this plot gives the Kd,app. 
Figure 5.6b shows the results from four simulations using different values of pg 
and pr. However, as this plot is non-linear in nature, the average value of the Kd,app is 
reported instead of fitting it with a linear plot. The black dots represent the case when 
all proteins are fluorescent (pg = pr = 1) and return the original Kd of 24 nM. The 
green dots are for pg = 1 and pr = 0.4 (to mimic mCherry) and yields Kd,app = 56 ± 24 
nM. The blue dots are for pg = 1 and pr = 0.2 (to mimic mRFP) and yields Kd,app = 74 
± 39 nM. The spread for the latter two simulations is due to some data having more 
red molecules than green molecules and therefore are affected more by pr. This 
implies that the measured Kd,app depends on the ratio of the green to red molecules 
expressed in the cells. The red dots illustrate a situation where both labels have a 
significant non-fluorescent fraction (pg = 0.4 and pr = 0.4). Its Kd,app is 142 ± 99 nM. 
The plots with non-fluorescent labels all show a convex shape. 
The simulations of pg = 1 and pr = 0.4; and pg = 1 and pr = 0.2 were performed a 
second time, but now with a higher ratio of red to green molecules (randomly between 
1 to 2) (Fig. 5.6c). The Kd,app for pg = 1 and pr = 0.2  is now 111 ± 74 nM and the 
Kd,app for pg = 1 and pr = 0.4 is now 80 ± 44 nM. For the same value of pr, but a higher 
ratio of red to green molecules, the Kd,app increases when compared to the case of red 
to green molecule ratio of 0.7 to 1.5 (56 nM to 80 nM and 74 nM to 111 nM for pr = 
0.4 and 0.2 respectively). This is due to the larger amount of non-fluorescent red 




FIGURE 5.6: Binding studies in the presence of non-fluorescent fusion proteins. (a) A 
graphical representation of Eq. 5.15-5.17 where non-fluorescent labels influence the Kd,app. (b) 
Simulations of Kd = 24 nM at pg and pr = 1 (black dots); pg = 1 and pr = 0.4 (green dots); pg = 
1 and pr = 0.2 (blue dots) and pg = 0.4 and pr = 0.4 (red dots). This was simulated for 20 nM 
to 3 μM of green and red molecules and restricting the ratio of red to green molecules at 0.7 to 
1.5. (c) Simulations of Kd = 24 nM at pg = 1 and pr = 0.4 (green dots), and pg = 1 and pr = 0.2 
(blue dots). This was simulated for a ratio of red to green molecules of 1 to 2. The dashes in 
(b) and (c) represent the border of the simulations. 
5.4.7. Influence of endogenous labels on binding experiments 
Based on the same concept as the non-fluorescent label, endogenous or competitor 
proteins generate a complex in which one of the proteins is not labeled. The apparent 
concentrations can be expressed as (Fig. 5.7a): 
 
,gr app grC C , (5.21) 
 
,g app g geC C C  , (5.22) 
 
,r app r erC C C  , (5.23) 
where Cge is the complex formed by the green labeled protein with its endogenous 
partner and Cer is the complex formed by the red labeled protein with its endogenous 
partner. Again the Kd,app is monitored over a range of Cg,tot and Cr,tot (20 nM to 3 μM; 
restricted from 0.7 to 1.5) and pre-assigned concentrations of Ce1,tot and Ce2,tot which 
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are the total amount of the endogenous version of the green labeled protein and red 
labeled protein respectively. The involved equations are: 
 
,g tot g gr geC C C C   , (5.24) 
 
,r tot r gr erC C C C   , (5.25) 
 
1, 1e tot e er eeC C C C   , (5.26) 
 
2, 2e tot e ge eeC C C C   , (5.27) 
where Ce1 and Ce2 are the concentration of the endogenous version of the green and 
red labeled exogenous protein which are unbound respectively, Cee is the complex 
formed by both endogenous proteins, and Cer and Cge are the red and green labeled 
molecules binding with its endogenous partner. The Kd for all the different 
































 . (5.31) 
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Assuming that the Kd of all the interactions are the same, Eq. 5.24-5.31 were then 
solved for the values of Cg, Cr, Cgr, Cge, Cer, Ce1, Ce2 and Cee. The relevant 
concentrations are then converted substituted back to Eq. 5.21-5.23. 
Figure 5.7b shows the Kd,app plot in the presence of different amounts of 
endogenous proteins ranging from 10 to 1000 nM. Similar to the first simulation, the 
amount of labeled green and red molecules were varied from 20 nM to 3 μM with the 
ratio of the total amount of red to green molecules restricted to be from 0.7 to 1.5. The 
plots have a slight concave shape and yield Kd,app values of 59 ± 21nM (for Ce1,tot = 
Ce2,tot = 10-100 nM), 287 ± 104nM (for Ce1,tot = Ce2,tot = 100-500 nM) and 819 ± 126 
nM (for Ce1,tot = Ce2,tot = 500-1000 nM). If the measurement takes place in an 
environment where endogenous protein levels take on a wide range with respect to the 
concentration of labeled protein, the spread would be significant.  
 
FIGURE 5.7: Binding studies in the presence of endogenous proteins. (a) A graphical 
representation of Eq. 5.21-5.23 where endogenous proteins influence the Kd,app. (b) Kd,app 
simulations in the presence of different amounts of endogenous proteins, namely 10-100 nM, 
100-500 nM and 500-1000 nM (green, blue and red dots respectively). The amount of labeled 
protein was varied from 20 nM to 3 μM and restricting the ratio of red to green molecules at 




5.4.8. Experimental Kd (mRFP against mCherry) 
Based on the same binding pair that was measured previously in chapter 4 [55], 
mRFP-Ccd42 and EGFP-IQGAP1, a construct of mCherry-Cdc42 was made to study 
its interaction with EGFP-IQGAP1. The aim was to see if a change of fluorophore 
changes the value of Kd,app. Cells transfected with mRFP-Cdc42 and EGFP-IQGAP1 
were always used as a control measured on the same day of the measurement. Eq. 5.9-
5.11 were used to obtain the apparent concentrations.  
The Kd,app obtained by averaging all the data points for the mRFP-Cdc42 with 
EGFP-IQGAP1 and mCherry-Cdc42 with EGFP-IQGAP1 after accounting for the 
differences in the volumes are 382 ± 136 nM and 233 ± 92 nM, respectively (Fig. 
5.8a). The straight lines are linear fits to serve as a guide to see the differences 
between the plots. It is observed that the mRFP/EGFP pair has a slight convex shape, 
suggesting a significant population of non-fluorescent FPs. Correcting for the 
differences in pr yields a similar corrected Kd,app of 200-270 nM (pr from 0.2 to 0.4) 
and 170-220 nM (pr from 0.6 to 0.8) for mRFP and mCherry respectively. A range of 
pr values is given here since pr is not expected to be the same for the tandem and 
Cdc42 due to the different photobleaching observed. In fact, when the values of pr 
obtained from the tandem FPs (for both mRFP and mCherry) are placed into Eq. 5.9-
5.11 in an attempt to determine the actual concentrations independent of the non-
fluorescent labels, we observed that 15-30 % of the measurements return negative 
values for Cg which indicates that the value for pr is too low.  
In summary, the results with mRFP gives a higher Kd,app compared to the 
experiment labeled with mCherry implying that the choice of label for the quantitation 
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of Kd,app is crucial. Since mCherry is far from a perfect red fluorophore, any new and 
better fluorophore will improve the determination of Kd,app. 
5.4.9. Experimental Kd with endogenous proteins 
The amount of endogenous proteins in the cell is difficult to determine. It has been 
shown that the amount of endogenous IQGAP1 and Cdc42 in CHO cells are very low 
[164, 165]. To investigate the how unlabeled competitor protein influences the Kd,app, 
cells were transfected with unlabeled Cdc42 in addition to mCherry-Cdc42 and 
EGFP-IQGAP1. The unlabeled Cdc42 plasmid used was twice the amount of 
mCherry-Cdc42. Figure 5.8b shows the Kd,app plot. The Kd,app is 446 ± 152 nM 
compared to the 233 ± 92 nM without unlabeled Cdc42, showing the expected 
decrease of the Kd,app in the presence of an unlabeled competitor. When the amount of 
endogenous protein is significant and accurate results are necessary, one can try to 
create knock-downs or knock-outs. This can reduce the problem of endogenous 
proteins affecting the quality of the Kd. In theory, if the fraction of non-fluorescent 
labels and the amount of endogenous proteins are known for each measurement, the 






FIGURE 5.8: Experimental Kd,app plots generated by SW-FCCS. The linear fits (dashed lines) 
serve as a guide to the eye. Averages of the Kd,app are reported here instead. (a) Measurements 
of mRFP-Cdc42+EGFP-IQGAP1 (black) and; measurements of mCherry-Cdc42+EGFP-
IQGAP1 (red). Their Kd,app are 382 ± 136 nM and 233 ± 92 nM, respectively. (b) Twice the 
amount of unlabeled Cdc42 was transfected together with mCherry-Cdc42+EGFP-IQGAP1 
(blue). This was compared with the measurement done in cells with only mCherry-
Cdc42+EGFP-IQGAP1 (red). The Kd,app with the unlabeled competitor is 446 ± 152 nM.  
5.5. Conclusion 
This work was motivated by commonly reported discrepancies of the theoretical 
and experimental values of cross- and auto-correlation amplitude ratios, 
GGR(0)/GG(0), observed in FCCS measurements. Using SW-FCCS it was 
demonstrated that the reduced amplitude ratio is the result of at least four effects. 
First, the observation volumes for FPs of different emission wavelength have different 
volumes and can be displaced due to chromatic aberrations. It should be noted that 
this is not due to a misalignment of excitation lasers, since SW-FCCS uses only one 
laser for excitation, but is caused by the overlap of the detection channels and 
difference in the wavelength of emission of the labels. Second, non-fluorescent 
proteins limit the amount of detectable interactions. Non-fluorescent proteins include 
non-matured proteins, proteins residing in dark states, and photobleached proteins. 
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Even the search for suitable cells by laser scanning in a confocal microscope, or 
repetition of FCCS measurements in the same cell, can induce significant 
photobleaching, reducing the strength of the detected interaction. Third, FRET 
between the labels has to be considered and can change the amplitudes of auto- and 
cross-correlations. Lastly, endogenous proteins compete in biomolecular interactions 
and can shift apparent equilibria to higher Kd values. 
A combination of in vitro and in vivo experiments as well as simulations were 
used to determine the size and effective overlap of the observation volumes, measured 
the amount of non-matured and bleached FPs, and accounted for the influence of 
FRET on FCCS experiments. In particular the effects of non-fluorescent and 
endogenous proteins could be distinguished in Kd plots while the effect of FRET can 
be determined by PIE-FCCS. In live cell measurements, investigating the interaction 
of Cdc42 and IQGAP1, it was demonstrated that the type of FP used for labeling, 
photobleaching, non-matured FPs, and endogenous proteins shift the Kd values and 
that these effects can be corrected. Addressing these factors is a step towards a better 




Conclusion and Outlook 
6.1 Conclusion 
The objective of this thesis is the application and development of SW-FCCS to 
quantitate protein-protein interactions in vivo. The basic principles and setup of FCCS 
were introduced in chapter 2. The steps from collecting photons, converting the 
fluorescent fluctuations into auto- and cross-correlation functions and model fitting 
were illustrated. Due to its single-molecule sensitivity, background signals and low 
brightness of the FP probes used in vivo requires additional mathematical treatments 
and special attention.  
The cross-correlation ratios which are the most common way of quantitating 
binding in FCCS were discussed in chapter 3. It was shown by simulations that the 
ratios are dependent on the concentration range, the proportion of the total green and 
red labeled molecules in the system, and the Kd of the interaction. Ideally, 
measurements should be done at concentrations above the Kd (but not >> Kd) and at 
fixed proportion of green to red molecules. However, for in vivo measurements, one 
usually does not have an idea of the value of Kd or has complete control over the 
concentrations. Therefore, interpreting the results based on the cross-correlation ratios 
has to be done with proper controls which are measured under similar conditions. In 
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contrast, Kd is a more consistent and physiologically relevant parameter compared to 
the cross-correlation ratios. 
The application of FCCS to determine Kd in live cells was demonstrated in 
chapter 4. The Kd of the interaction between mRFP-Cdc42 mutants and EGFP-
IQGAP1 was compared in CHO cell culture and zebrafish embryos. One of the Cdc42 
mutants (Cdc42
G12V
) keeps Cdc42 predominately in the active state while the other 
(Cdc42
T17N
) is in the predominately inactive state. Two different ways of representing 
Kd were used. The two ways are the Kd plot [56] and the Kd histogram [53]. Both 
yield similar values. mRFP-Cdc42
T17N
 with EGFP-IQGAP1 shows very little 
interaction while mRFP-Cdc42
G12V
 with EGFP-IQGAP1 results in a Kd of ~1 µM in 
CHO cells. It was observed that this Kd value in CHO cells is in the order of a 
magnitude larger than in zebrafish embryos. This suggested that measurements 
preformed in cell cultures may not represent what is happening in an organism. 
Therefore there is a need to move from cell cultures to organisms for a better 
understanding of biological processes.  
The Kd between p21 and PCNA was also determined in live cells in chapter 4. The 
SW-FCCS measurement was done alongside the A4 annexin translocation system 
which is also an in vivo method to determine protein-protein interactions based on the 
localization of A4 fused proteins to the membranes when the intracellular Ca
2+
 
concentration is increased. The translocation system forms a good partnership with 
FCCS since the same constructs can be used to perform two different experiments 
using the same sample and the results can be cross-checked. In addition, SW-FCCS 




Despite being able to determine the Kds of interactions, discrepancies were 
observed. In theory, the tandem FPs should result in a cross-correlation ratio of 1. 
However, measurements to date by us and others achieved only a ratio of ~0.5. In 
chapter 5, it was demonstrated that this non-ideal ratio is due to imperfect overlap of 
effective volumes and can be corrected. From measurements of different tandem FPs, 
it was shown that the ratio is also dependent on the type of FPs and FRET. This leads 
to the finding that a large fraction of mRFP (78 %) and mCherry (60%) was found to 
be non-fluorescent hence affecting the quantitation of the amount of red labeled 
molecules. Due to this issue, the quality of the Kd was compromised. Endogenous 
proteins also act as a form of non-detected molecule which competes for binding. The 
effect of these was studied using Kd simulations followed by experiments using either 
mRFP or mCherry labeled Cdc42 and in the presence or absence of unlabeled Cdc42 
(to mimic endogenous proteins). As the amount of fluorescent mRFP and mCherry 
are very different, the Kds determined for mRFP/mCherry-Cdc42 binding to EGFP-
IQGAP1 showed very different results. However, when the fraction of non-
fluorescent FPs is taken into account, the Kds for both experiments becomes similar, 
indicating that non-fluorescent labels can be accounted for. In summary, chapter 5 
showed that the quantity of FCCS measurements is dependent on photobleaching, 
selection of the FPs, FRET and overlap of the effective volumes, and that these 





In this thesis, the capabilities and limitations of FCCS were shown. It is a 
powerful tool to determine molecular interaction in live cells and organisms. 
However, the technique remains largely inaccessible to most biological laboratories. 
Although there are commercial systems available, they are not as ubiquitously 
available as other biophysical techniques. Commercial systems only provide basic 
data treatment and are mainly based on confocal FCS/FCCS. The more advanced 
applications or systems, such as scanning or camera based FCS/FCCS, are not yet 
commercialized or require special modification to the commercial system which is 
only possible in specialized laboratories. This is because many modalities of 
FCS/FCCS are still being developed and are usually used by only a few groups 
around the world. These new FCS modalities often require self-written software 
packages, require newly developed data treatment algorithms, and need handling and 
maintenance by specialists. In addition, the mathematical concepts involved in 
FCS/FCCS are not trivial for new comers who wish to use the technique. Hence, very 
often, collaborations between biological laboratories and laboratories specialized in 
biophysical techniques are required. 
FCCS is an extension of FCS. Future developments in FCS will impact the way 
FCCS can be applied. Some new FCS modalities such as the combination of 
stimulated emission depletion (STED) with FCS (STED-FCS) can reduce the 
diffraction limited volume allowing higher concentration and smaller region to be 
measured [166]. FCS has also been used with nearfield scanning optical microscopy 
[167], nano-apertures [168] and supercritical angle illumination [169] to manipulate 
the observation volume. Fluorescence lifetime correlation spectroscopy (FLCS), 
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where contributions due to different fluorescent species can be separated based on 
their lifetime and not emission wavelengths, is able to generate ACF free from 
unwanted background fluorescence or individual ACFs from spectrally similar 
fluorescent species as long as their fluorescence lifetime can be resolved [106, 108]. It 
can also separate particles with similar diffusion time, something which the 
conventional FCS cannot achieve. FLCS has been applied to living cells very recently 
[170]. Optical fiber-based FCS has also been developed [171-174]. Although these 
studies were performed in solution, optical fiber based FCS has the potential of 
measuring in remote areas of an organism.  
The initial motivation of applying FCS or single molecule techniques in live cells 
or organisms is its physiological relevance. Techniques which induce high amount of 
laser radiation thus inducing photodamage and phototoxicity, or require extensive 
physical manipulation of the organism to the point that they are no longer 
physiological relevant should be avoided. Ideally, the measurement should be as non-
invasive and use the lowest amount of radiation per photon detected as possible. 
Light-sheet based illumination as used in SPIM-FCS, greatly enhances the 
multiplexing capabilities of FCS, allowing the measurements of whole areas in an 
organism simultaneously with greatly reduced phototoxicity [82, 175]. This allows 
capturing many more measurements per organism and makes it possible to establish 
FCS/FCCS images in which each pixel reports not on the fluorescence intensity but 
on molecular parameters, including molecular mobility, concentration, and degree of 
biomolecular interactions.  
A similar technique which uses image correlation concept is raster image 
correlation spectroscopy (RICS) [176, 177]. RICS uses the images acquired from a 
confocal laser scanning microscope to perform correlations instead of using a separate 
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FCS module. The fluorescence intensity in one of the pixels is considered to be a 
single point measurement which can be spatially and/or temporally correlated. RICS 
exploits the time structure hidden during the acquisition of an image to allow one to 
monitor processes in the microseconds to seconds timescale.  
Looking at the way how single-molecule experiments are done nowadays, if 
properly designed, the photons collected from one single experiment can actually be 
used by a number of techniques to extract information. Apart from FCS/FCCS, one 
can perform single-molecule FRET [160], FLCS [106, 108], FLIM-FRET [170, 178] 
or photon counting histograms [161, 162, 179] on a single instrument and experiment. 
This will maximize the amount of information acquired per experiment.  
As GFPs and its variants are probably going to be the preferred choice of reporters 
for biological studies in the future, understanding their photophysical properties will 
be helpful not only in FCS but in many other single molecule sensitive techniques. 
Although many new FPs have been generated in recent years [180, 181], the wait 
continues for a brighter and more stable RFP than mCherry. 
Going hand in hand with the advances in FPs, advances in technologies such as 
better detectors and optical systems, more efficient data treatment and computing 
power are constantly being developed. Studies with higher spatial and temporally 
resolution can be expected in the future. With the wealth of quantitative information 
FCS and FCCS can generate, they are powerful techniques to be applied in vivo to 
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